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ADVERTISEMENT 


Turs volume forms the twenty-ninth of a series, composed of original 
memoirs on different branches of knowledge, published at the expense and 
under the direction of the Smithsonian Institution. The publication of this 
series forms part of a general plan adopted for carrying into effect the benevo- 
lent intentions of James Smiruson, Esq., of England. This gentleman left 
his property in trust to the United States of America to found at Washington 
an institution which should bear his own name and have for its objects the 
“increase and diffusion of knowledge among men.” This trust was accepted 
by the Government of the United States, and. acts of Congress were passed 
August 10, 1846, and March 12, 1894, constituting the President, the Vice- 
President, the Chief Justice of the United States, and the heads of Executive 
Departments an establishment under the name of the ‘SMITHSONIAN INsTI- 
TUTION, FOR THE INCREASE AND DIFFUSION OF KNOWLEDGE AMONG MEN.” 
The members of this establishment are to hold stated and special meetings 
for the supervision of the affairs of the Institution and for the advice and 
instruction of a Board of Regents to whom the financial and other affairs 
are intrusted. 

The. Board of Regents consists of two members ex officio of the establish- 
ment, namely, the Vice-President of the United States and the Chief Justice 
of the United States, together with twelve other members, three of whom are 
appointed from the Senate by its President, three from the House of Repre- 
sentatives by the Speaker, and six persons appointed by a joint resolution of 
both Houses. To this Board is given the power of electing a Secretary and 
other officers for conducting the active operations of the Institution. 

To carry into effect the purposes of the testator, the plan of organization 
should evidently embrace two objects: one, the increase of knowledge by 
the addition of new truths to the existing stock; the other, the diffusion of 
knowledge, thus increased, among men. No restriction is made in favor of any 
kind of knowledge, and hence each branch is entitled to and should receive a 
share of attention. 

The act of Congress establishing the Institution directs, as a part of the 
plan of organization, the formation of a library, a museum, and a gallery of 
art, together with provisions for physical research and popular lectures, while 
it leaves to the Regents the power of adopting such other parts of an organiza- 
tion as they may deem best: suited to promote the objects of the bequest. 
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pich) deliberation, the Regents. resol Ived to apportian’ She AD 
income . Scilly among the different objeets and ‘operations of the Tustitutio 
in such | maner as may, in the judgment of the Regents, be necessary and 
proper or “ach, according to its intrinsic importance, and a compliance in apote 
faith with the law. 
The followi ng are the details of the parts of the general plan of cabin : 
provisionally adopted at the meeting of the Regents December 8, 1847 : 























































se KnowLeper.—ZIt is proposed to stimulate research by offering — 
wrds for original memoirs on all subjects of investigation. 


Lee je/memoirs thus obtained to be published in a series of volumes, in a 
quarto form, end entitled “Smithsonian Contributions to Know ledge.” 

2. Nv Memoir on subjects of physical science to be accepted for “publication 
‘net furnish a positive addition to human knowledge, resting on 
original red@erch ; and all unverified speculations to be rejected, 









5B: memoir presented to the Institution to be submitted for examina- 
tion to a e@mmission of persons of reputation for learning in the branch to 
which the memoir pertains, and to be accepted for publication only in case the 
report of a commission is fotoae 






name of Rathor, as far as pr aihtsable, coiieallt iin a Ghorabic decision 
be made. 

5. The volumes of the memoirs to be exchanged for the transactions of 
literary and scientific societies, and copies to be given to all the colleges and 
principal Jibraries in this country. One part of the remaining copies may be 
offered for sale, and the other carefully preserved to form complete sets of the 
work to ly the demand from new institutions. | a 

6. An. abstract, or popular aceount, of the contents of these memoirs to be ¥ 
given to the public through the annual report of the Regents to Congress. 











Ne ~ KNOWLEDGE.—J? is also proposed to appropriate a portion of 
in annually to special objects of research, under the direction of 
suitable persons. 





1. The objects and the amount appropriated to be recommended af coun- ~ 
sellors of the Institution. 

2. Appropriations in different years to different objects, so that in course 
of time eaeli oranch of knowledge thay recetve a share. 
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3. The results obtained from these appropriations to be published, with the 
memoirs before mentioned, in the volumes of the Smithsonian Contributions to 
Knowledge. 

4. Examples of objects for which appropriations may be made: 

(1) System of extended meteorological observations for solving the problem 
of American storms. 

(2) Explorations in descriptive natu ‘al history, and geological, mathe- 
matical, and topographical surveys, to collect material for the formation of a 
physical atlas of the United States. 

(3) Solution of experimental problems, such as a new determination of 
the weight of the earth, of the velocity of electricity, and of light; chemical 
analyses of soils and plants ; collection and publication of scientific facts, accu- 
mulated in the offices of Government. 

(4) Institution of statistical inquiries with reference to physical, moral, and 
political subjects. 

(5) Historical researches and accurate surveys of places celebrated in 
American history. 

(6) Ethnological researches, particularly with reference to the different 
races of men in North America; also explorations and accurate surveys of the 
mounds and other remains of the ancient people of our country. 


L. To pirrusrE KNowLepGE.—It is proposed to publish a series of reports, giving 
an account of the new discoveries im science, and of the changes made from 
year to year in all branches of knowledge not strictly professional. 


1. Some of these reports may be published annually, others at longer 


intervals, as the income of the Institution or the changes in the branches of 


knowledge may indicate. 

2. The reports are to be prepared by collaborators eminent in the different 
branches of knowledge. 

3 Each collaborator to be furnished with the journals and publications, 
domestic and foreign, necessary to the compilation of his report; to be paid a 
certain sum for his labors, and to be named on the title-page of the report. 

4, The reports to be published in separate parts, so that persons interested 
in a particular branch can procure the parts relating to it without purchasing 
the whole. 

5. These reports may be presented to Congress for partial distribution, 
the remaining copies to be given to literary and scientific institutions and sold 
to individuals for a moderate price. 


« 
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I. PHYSICAL CLASS. ' 






1. Physics, including astronomy, natural philosophy, chemistry, and 
iaimesbloaie ee 1) ae 







2. Natural history, including botany, aie goolok » ete, oS ico 4 
3. Agriculture. — | A ae ‘4 fea 
4. Appiiestion of s¢ience to arts. \ S rit’ Soe co 7 
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Il. MORAL AND POLITICAL CLASS. 





ie 


5, Ethnology, including particular history, comparative rbalogy, antiq- *8 


Ritles, ele, "a am ee 
6. Statistics and political economy. ‘ Jee mE aan 
7. Mental and moral philosophy. - se: a ee & 
8. A survey of the political events of the wali “penal reform, ete.” = 


i 









Ill. LITERATURE AND THE FINE ARTS. ll 






9. Modern literature. = ; = 
10. The fine arts, and their application to the useful arts. . 
11. Bibliography. 

12. Obituary notices of distinguished individuals. 









II. To pirruse KyowLepur.—It is proposed to publish occasionally separate 
treatises on subjects of general interest. 






1. These treatises may occasionally consistof valuable memoirs translated 
from foreign languages, or of articles prepared under the direction of the 
Institution, or procured by offering premiums for the best exposition of a | 
given subject. "it 

2. The treatises to be submitted to f, commission of competent judges . 
previous to their publication, 
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DETAILS OF THE SECOND PART OF THE PLAN OF ORGANIZATION. 


This part contemplates the formation of a library, a museum, and a gallery 
of art. 

1. To carry out the plan before described a library will be required con- 
sisting, first, of a complete collection of the transactions and proceedings of all 
the learned societies of the world; second, of the more important current period- 
ical publications and other works necessary in preparing the periogical reports. 

2. The Institution should make special collections particularly of objects 
to illustrate and verify its own publications; also a collection of instruments 
of research in all branches of experimental science. 

3. With reference to the collection of books other than those mentioned 
above, catalogues of all the different libraries in the United States should be 
procured, in order that the valuable books first purchased may be such as are 
not to be found elsewhere in the United States. 

4. Also catalogues of memoirs and of books in foreign libraries and other 
materials should be collected, for rendering the Institution a center of biblio- 
graphical knowledge, whence the student may be directed to any work which 
he may require. 

5. It is believed that the collections in natural history will increase by 
donation as rapidly as the income of the Institution can make provision for 
their reception, and therefore it will seldom be necessary to purchase any 
article of this kind. 

6. Attempts should be made to procure for the gallery of art, casts of the 
most celebrated articles of ancient and modern sculpture. 

7. The arts may be encouraged by providing a room, free of expense, for 
the exhibition of the objects of the Art Union and other similar societies. 

8. A small appropriation should annually be made for models of antiqui- 
ties, such as those of the remains of ancient temples, ete. 

9. The Secretary and his assistants, during the session of Congress, will be 
required to illustrate new discoveries in science and to exhibit new objects of 
art. Distinguished individuals should also be invited to give lectures on sub- 
jects of general interest. 


In accordance with the rules adopted in the programme of organization, 
each memoir in this volume has been favorably reported on by a commission 
appointed for its examination. It is, however, impossible, in most cases, to verify 
the statements of an author, and therefore neitherythe commission nor the 
Institution can be responsible for more than the general character of a memoir. 
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ADVERTISEMENT. 


The present research—an extension of a line of investiga- 
tion pursued by the author, Mr. A. A. Michelson, for a year or 
two past—has in view an increased accuracy in the measure- 
ment of the wave-lengths of specific spectroscopic lines by 
means of new applications of the method of interference. 

One ultimate object of such greater precision of determina- 
tion is the employment of particular wave-lengths of light as 
standards of comparison of metrical units. 

As a preliminary investigation of some importance, carried 
on under the auspices of the Smithsonian Institution, the me- 
moir is adopted as one deserving a place in the Smithsonian 


“Contributions to Knowledge.” 
S. P. LANGLEY, 
Secretary Smithsonian Institution. 


WASHINGTON, July, 1892. 





ON THE APPLICATION OF INTERFERENCE METHODS 
TO SPECTROSCOPIC MEASUREMENTS. 


By Apert A. MICHELSON.* 


The theoretical investigation of the relation between the distribution of 
light in a source, as a function of the wave-length, and the resulting “ visi- 
bility curve” has been given in a paper bearing the same title as the present 
one in the Philosophical Magazine for April, 1891. 

The physical definition of ‘ visibility” there adopted is 
ee 

+1, 
in which J, is the intensity at the center of a bright interference band, and 
T, the intensity at the center of the adjoining dark band. In order to in- 


WE 





terpret the actual curves obtained by observation of interference fringes, it 
is first necessary to reduce the results of the eye-estimates of visibility, 
which may be designated by V., to their absolute values as above defined. 

For this purpose, two quartz lenses, one concave and the other convex, 
and of equal curvatures, were mounted with their crystalline axes at right 
angles to each other between two Nicols. Under these conditions a series of 
concentric interference rings appeared. If « be the angle between the prin- 

*I take this opportunity of presenting my acknowledgments and thanks to the Smithsonian Insti- 
tution for the funds necessary to carry out this research; to Clark University for the facilities it has placed 
at my disposal ; and especially to Mr. F. L. O. Wadsworth, Assistant in Physies of Clark University, for 


the valuable services he has rendered and his unflagging zeal in furthering this investigation. 
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cipal section of the polarizer and the axis of the first quartz, and the angle 
between the axis and the analyzer, the intensity of the light transmitted 


will be 
Kk(G—h) 


h 


[=cos? (w—2)—sin2 2. sin2 w sir’? = 


where #, is the thickness through the first quartz, and ¢, that through the 
second. If the analyzer and polarizer are parallel, 


- ag * 9 k t—h | 
w=0, and J=1—sin?2a sin’ x ( LS 2), 
A 


whence =1, and L=1-—sin’ 2a, 


putas LCOS 2 oF 


and V= ee 
Litt, 1+cos 2a 





This curve, together with the mean of a number of eye-estimates, is given 
in Fig. 2, Plate I. From these the following table of corrections may be 
obtained : 


V.. Cor. Vz. Cor. 

Osea kre = 0.00 ODD! . re etre ee —0.12 
HOD Se: ....+.03 50.5 S.A eee 
GEO era alters +.04 {GD 25.2 ee ee =e 
15 eee UO IOS. ee ee 16 
Ses orc nace eee eaes ee CT ak sce ees 
EAL eee. «ae - 00 80  sescueh eee ee 
SAR cao . .—108 SBD ie elect nas 
ROLLER Fe vrAne am=s0o 90). eo Gok eee onal 
AO . bee EOE SOD aches, tek 4 05 
ADT e508 —.08 1:00. xis oe ee 00 
TA aah al) 


The curves show a general tendency to estimate the visibility too high 
when the interference bands are clear, and too low when they are indistinct. 
This tendency may be modified by a number of circumstances ; — thus, it m- 
creases With the refrangibility of the light used; it is greater when the field 
contains a large number of bands than when there are but few ; it is greater 
while the visibility curve is falling than when it is rising; it does not seem 
to be greatly affected by the intensity of the light; finally, it varies on dif- 
ferent occasions and with different observers. Notwithstanding these dis- 
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turbing causes, the result, after applying the correction, will rarely be in 
error by more than one tenth of its value, and ordinarily the approximation 
is much closer than this.* 

The observations necessary to construct the visibility curves, from which 
the distribution of light in any approximately homogeneous source is to be 
deduced, may be made with any form of interference apparatus, which allows 
a considerable alteration in the difference of path between the two interfer- 
ing streams of light. 

The apparatus actually employed for this purpose was designed for the 
comparison of wave-lengths, and while admirably adapted for the observa- 
tion of visibility curves, it contains many parts not necessary for this use. 
Fig. 1, Plate I., presents the plan of an arrangement which, while showing 
all the essential parts, is much less complicated. Starting from V, a vacuum- 
tube containing the substance whose radiations are to be examined (and 
which is usually inelosed in a metal box in order that it may be raised to 
any required temperature), the light is analyzed by one or more prisms 


* The formula for visibility deduced in the former paper (Phil. Mag., vol. xxt; p. 340), is 


GES? 
Va 


in which C = fe (x) cos ka dx, 
Sia fe (x) sin kx dx, 


a ie x) dx, 
5 i, T ( ) 
k 


l| 


27D, 
D = Difference in path, 


and » (x) represents the distribution of light in the source. 
Tn this expression, no account was taken of the effect of extraneous light, and it was assumed that 
the two interfering pencils were of equal intensities. It can be shown that the error due to both these 
causes tends to lower the visibility ; but in either ease the correct values may be obtained by multiplying 
by a constant factor. 
In the first case, let e be the intensity of the extraneous light, and V’ the resulting visibility ; then, by 
definition, 
ma (, +e)—(Iz +2) SL I, —I, : or if 2e —P V’= cela ee. 
(1, +e)+(I,+e) I, +I,+2e’ Te Tay ay (I, +Ie) +r) 


whence 1 (Gleerp) WAC 


In the second case, let » be the ratio of intensities of the interfering pencils; then it can readily be 
shown that the resulting intensity is T= (1+") P+2p (C cos }—S sin 4), 


9 ma: 2 
and hence the visibility is V’” = —=*— [oO +5*, whence V ee eaye 
1+,” 4 wep, 29 
Oo. , 7 
If the interfering pencils differ by 25 per cent., the factor 1+¢* differs from unity by about 4 per 


29 


cent. ; so that, in most eases, this cause of error may be neglected. 
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forming a spectrum from which any required radiation may be separated 
from the rest by passing through the slit S.* 

The light from S is rendered nearly parallel by a collimating lens, and 
then falls on a transparent film of silver, on the surface of the plane parallel 
plate G,.+ Here it divides, part being transmitted to the fixed plane mirror 
M,, and part reflected to the movable mirror VW. These mirrors return the 
light to the silvered surface, where the first part is reflected, and the second 
transmitted; so that both pencils comcide onentering the observing telescope.t 

A little consideration will show that this arrangement is, in all respects, 
equivalent to a film or plate of air between two plane surfaces. The inter- 
ference phenomena are therefore the same as for such an air-plate. 

The theory of these interference bands has been given in an article 
entitled “Interference Phenomena in a New Form of Refractometer,” Philo- 
sophical Magazine for April, 1882. As is there shown, the projections of the 
bands are, in general, conic sections, the position of maximum distinctness 
being given by the formula 


t e ” 
P= —*— tani cos? 6 
tan 


in which ¢, is the thickness of the equivalent air-plate, where it is cut by the 
axis of the telescope, ¢, the inclination of the two surfaces, 9 and 7, the com- 
ponents of the angle of incidence parallel and perpendicular respectively to 
the intersection of the surfaces, and P, the distance of the plane of maxi- 
mum distinctness from the surfaces. If 4 be small, the variations of P 
with 4 may be neglected, and we have then 


t : 
P= = tan 4, 
tan 2 


or with sufficient accuracy, 
P= fo 2. 


nr 

* In the case of close groups of lines, the image of the source is first thrown on a slit; otherwise, the 
lines at S would overlap. 

+ The light entering the telescope is a maximum when the thickness of the silver film is such that the 
intensity of the transmitted light is equal to that of the reflected light. The silvering has another im- 
portant advantage in diminishing the relative intensity of the light reflected from the other surface. In- 
deed, for this purpose, it is advisable to make the film heavier; even so thick that the reflected light is 
twice as bright as the transmitted. This does not affect the ultimate ratio of intensities of the interfer- 
ing pencils; for what is lost by transmission on entering the plate G, is made up by reflection on leaving 
it, the effect being simply to diminish somewhat the whole intensity. Another advantage of the thicker 
film is that it ean be made uniform with far less difficulty than the thin film. It may be mentioned that 
with this form of instrument the interference fringes in white light present a purity and gorgeousness 
of coloration that are surpassed only by the colors of the polariscope. 

t The second plane parallel plate G, is made of the same thickness as the first, and is required to 
equalize the optical paths of the two pencils. 
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From this it will be seen that the focal plane varies very rapidly with 7, so 
that, unless y=0, it is impossible to see all parts of the interference bands in 
focus with equal distinctness. If, however, 2=0, that is, if the two surfaces 
are strictly parallel, then P=x, and if the observing telescope is focused 
for parallel rays, all parts of the bands are equally distinct. Under these cir- 
cumstances the interference fringes are concentric circles, whose angular 
diameter is given by 


COS te 
Dita 


If for A we put 2¢,—na, and for cos 4, its approximate value 1 — us 
we have Oy, =A) nh 
i 


In order to obtain an idea of the order of accuracy required in this ad- 
justment, suppose the angle # to be so small that its influence on the dis- 
tinctness may be neglected. The intensity at the focus of the observing 
telescope will be 


Qs 


ay 
[= i / cos’ 4% A dx dy, where x = = 
e 


ae. 


h 
If the aperture be a rectangle whose height is 2b, and width 2a, 


T= 2b es coe 4% A dz. 


But A =2(t,+02), 
vin Qn 0 
whence T= 2b| atcos 2x t, sue p a 
| LO 
—— ml Ow ¥ 


The maximum value of J is 


[ gsm2xoa 
2b | a+— 3 — 
ak Oo 


and the minimum value is 
i Seinen 

sin 2% 0a 

DEG (poe ee 


2% 0 , 





whence V = Sim 2% Ga 
2% 0 a 
In attempting to verify this formula by actual observation, one is met by 
the difficulty that all parts of the bands are not in focus at the same time, 
the right and left bands being more distinct than the central one, to which 
attention ought to be directed. Notwithstanding the rather rough character 


of the observations, the results agree fairly well with theory. If ¢, is the 
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ratio of the wave-length to the width of the rectangular aperture, the above 
formula becomes 


= . 


Vv sin 2 & 9/9, 


Dm orien 
= ¥/ To 


from which the second column in the following table was calculated : 


©/ Qo. V (eale.) V (obs.) 

0.0 1.00 1.00 
tf 94 94 
2 15 13 
:D 0 - AO 
4 24 We le 
4 00 oeee 09 
6 5 LO 
iT 22 coe .09 
8 A9 Ceres: OT 
9 15 Ad 05 

1.0 00 A O04 


From this table it appears that if the visibility is to be estimated by observa- 
tions with a telescope of 12" aperture (or with a circular aperture about one 
fourth greater), an error in the adjustment of the surfaces of a second of are 
would produce a diminution of four or five per cent. in the visibility. Ac- 
cordingly, if the ways on which the mirror-carriage moves are not true to this 
degree, it is necessary to make the adjustment for every observation. 

This can be done with very great accuracy by moving the beam of light 
from side to side and adjusting the mirror until there is no perceptible alter- 
ation in the size of the rings. Since the admissible error in adjustment is 
inversely proportional to the aperture, the observations may be facilitated 
by making this as small as possible if there be light to spare. This is all the 
more necessary for the same reasons, if the surfaces be not true. However, 
the error due to this source may be easily corrected (since all the observations 
are affected alike) by multiplying by a constant factor. 

In order that the visibility curve may extend as far as possible, it is 
necessary that the vapor should be very rare. Accordingly, in all but a few 
cases to be mentioned later, the substance to be investigated was inclosed 
in a vacuum-tube which was heated to drive off any moisture or occluded 


gases. 
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The vapor was rendered luminous by the discharge from the secondary 
of a large induction-coil, whose primary current was interrupted by a rotary 
break attached to the armature of an electric motor, making about 20 to 30 
breaks per second. The steadiness of the light thus obtained was far greater 
than with the ordinary Foucault interrupter. Probably it would have been 
still more satisfactory to use an alternating dynamo properly wound to give 
a strong current with comparatively few alternations. 

The box surrounding the vacuum-tube was heated just sufficiently to 
give a steady, bright light, and the temperature then kept as nearly uniform 
as possible. This temperature was usually taken to represent that of the 
vapor within the tube. This is of course only a rough approximation to the 
truth; and in some eases the estimate was much too low. 

As it was not intended to include in the present work an elaborate study 
of the effect of temperature, this matter was not of great consequence. It 
may be suggested, however, that a very much closer approximation to the 
real temperature could be obtained by winding a platinum wire about the 
capillary portion of the tube, and deducing the temperature from the varla- 
tion of its resistance. A preliminary experiment in which a platinum wire 
passing through the tube and heated by a current until the platinum spiral 
outside the tube was raised to fixed temperatures, would give a means of 
deducing, from the indications of the spiral, the true temperature within the 
tube. 

These adjustments being effected, the screw of the “ wave-comparer” 
was turned to zero; that is, till there was no difference of path between the 
interfering pencils. At this point the visibility should be as great as pos- 
sible, and was accordingly marked 100. The serew (of 1™™ pitch) was then 
turned through one turn, thus giving a difference of path of 2", and the 
visibility again estimated, and so on. The curve was then drawn, giving 
the estimated visibility for each 2 ™" difference of path, and this was cor- 
rected for the personal equation, as before described. 


Hydrogen. The full curve in Fig. 3), Plate II., represents such a curve 


for the red hydrogen line* at a pressure of about 1™™ and a temperature of 


— X 2/192 ae 
about 50°C. The dotted curve represents V = 2 * cos 0.7/30. 


* The hydrogen was prepared by dropping distilled water upon sodium amalgam, and allowing the 
gas to pass through sulphuric acid into the vacuum-tube, which was repeatedly exhausted until the 
spectrum of hydrogen was nearly pure. 
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It follows that the visibility curve is practically the same as that due to 
a double source, whose components have the intensity ratio 7:10, and in each 
of which the light is distributed according to the exponential law expressed 


by the first term. 
The formula for a double source, where the components are similar, is 


: c a * 
1+7°+2r cos 27 
Ve= ; Ve 
L+77°+2r 
in which D, the period of the curve, is inversely proportional to the distance 
between the components. 
? 
But D= Nd, = (N+1)k,, whence a=A’A-hk= De 

Hence, in the present instance we have for the distance between the com- 

ponents of the red hydrogen line, 1/30 (6.56 x 10“) = 1.4% 10°™, or 0.14 


divisions of Rowland’s scale. 
Again, if 3 be the “ half-width” of the spectral line (the value of « when 


(2) = 4), then 


> 
— 
o 
RB 
4. 
Es 
E 
© 
— 
oD 
B 
= 
2 
© 
e 
i 


If A be the value of X for V = 4, then ¢ = — 
ee Use 
racy, 6 = —_. 
Substituting the value of 2 in the equation for V, we have 
= ax 
V=2-278 
The value of A in the hydrogen curve is 19. Accordingly, after reducing 
to the same units as above, we have ¢ = 0.049. 
From these data, Fig. 3a was constructed, the full curve showing the dis- 
tribution of light in the source. 
Fig. 4b, Piate IL., gives, in the full curve, the corrected values of the visi- 
bility of the blue hydrogen line at the same temperature and pressure as 


* As frequent use is to be made of the function 


/ - 
/ 1+r*4+2rcos2= 
| D 


1+r?+2r 


it will be abbreviated to the form cos r/D. 
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before. The dotted curve represents a double exponential, as before. The 
formula for this curve is 


<A Sain 
V=2 * cos 0.77/28, 


thus giving « = 0.08 for the distance between the components, and 6 = 0.057 
for the “ half-width” of each. These values give for the distribution of light 
in the blue hydrogen line the full curve in Fig. 4a. 


Oxygen. Fig. 5, Plate I., represents the results obtained from oxygen 
prepared by heating a tube containing mercuric oxide, drying the gas by 
sulphuric acid, and exhausting and filling repeatedly, till the spectrum was 
nearly pure. The lines are much less bright than those of hydrogen, and 
in order to obtain satisfactory results, the current had to be increased so 
far that the tube was frequently broken. Notwithstanding the somewhat 
uncertain character of the observations, it will be seen from Fig. 5a that 
the curve for the orange-red line corresponds very well with that given by 
the formula 


v=27*7/" | 0.36+0.32 cos 2 2X/2.69 +0.16 cos 2 2X/4.85+0.16 cos 2 2X/1. i3 | ; 





The agreement between the coefficient 9 **s and the general curve drawn 
through the maxima, is also shown in Fig. 5), Plate I. 

The interpretation of these results is that the orange-red oxygen line isa 
triple, whose components have intensities in the ratios 1:1: 1/,, and whose 
distances apart are 1.51 and 0.84 respectively, and whose ‘‘ half-width” is 
0.027. This is shown in Fig. de. 


Sodium. The results obtained from metallic sodium in the vacuum-tube 
are so varied, the character of the lines being so considerably altered by tem- 
perature and pressure, that a complete study is at present impossible. This 
is especially true of the yellow lines, and the difficulty is considerably in- 
creased on account of the insufficiency of the dispersion used, which does 
not permit the separate examination of the lines. Some reference to the 
changes mentioned will be given at the close of this paper. At present it 
will suffice to take a particular case,—the pressure being very low, and the 
temperature about 250°.* 


* The curve given above was obtained a year ago, and since then it has been impossible to reproduce 
it exactly. 
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The full eurve in Fig, 6, Plate II, gives the experimental result for the 
visibility at the maxima for yellow sodium, corrected for personal equation. 
The dotted curve corresponds to the formula 


—X 3/1562 


V=2 cos 0.7/50 cos 0.1/140. 


The complete equation, assuming that the two lines are alike, is 


am as 1962 Ags ().8/0.58 cos 0.7/50 cos 0.1140. 


The interpretation of these results is that each of the sodium lines is a 
close double, as shown in Fig. 6a. 

The yellow-green sodium line at } = 5687 is a double whose components 
are about the same distance apart as the yellow pair. It was found to be 
far less variable than the yellow, and the full visibility curve, neglecting 
slight irregularities, gives the experimental results corrected for personal 
equation. Fig. 7b, Plate I., shows that its components are single and corre- 
spond in distribution of light fairly well with the exponential curve, Fig. 7a. 

The same may be said of the orange-red double at 6156 also, except that 
this seems to have a companion of feeble intensity. 

The doubles at 5150 and at 4982 were also examined, the curves showing 
nearly the same results as the red. 


Zinc. The temperature at which the radiations from metallic zine 
could be conveniently observed was in the neighborhood of the melting- 
point of the glass of which the vacuum-tubes were made. But few obser- 
vations were recorded, though these were quite consistent. The results 
of the observations, corrected for personal equation, are given in Figs. 8 
and 9, Plate Il. The former is the record obtained from the red line near 
6360, and shows that this line is single, the distribution of light agreeing 
very well with a simple exponential curve, the “ half-width” being 0.013. 
The latter shows the results of observation on the blue line near 4811. 
The dotted curve is the visibility curve due to a distribution represented 
in Fig. 9a. 


Cadmium. Metallic cadmium in the vacuum-tube at a temperature of 
about 280° gives a number of very bright lines, widely separated, and vary- 
ing very slightly with temperature or pressure. Fig. 10), Plate IIIL., shows 


TO SPECTROSCOPIC MEASUREMENTS. 15 


the experimental visibility curve of the red line near 6439, corrected for 
personal equation, together with the simple exponential curve 


= 9 —X 2/1382, 


The remarkably close agreement leaves no doubt that the distribution of 
light in the source follows very nearly the exponential law giving the curve 
in Fig. 10a, in which the “ half-width” of the source is 0.0065. 

The results of a single set of observations on the green line at 5086 is 
given in Fig. 116, Plate III, the approximate agreement between the full 
line and the dotted curve, which corresponds to the equation 


=” cos 02/115, 
showing that the source is a close double, the intensity of whose compo- 
nents is in the ratio 5:1, and whose distance apart is 0.022 ; the ‘‘ half-width” 
of each component being 0.0048. 
The curve for the blue radiation at 4800 is given in Fig. 12), Plate IIL., 
and shows that the results may be approximately represented by 


EXE Dap a 
h=2 erCOsMOslioo. 


which corresponds to the distribution of intensity given in Fig. 12a. 


Thallium. The metal is not sufficiently volatile at the temperatures 
attainable, but the chloride answers admirably, giving a brilliant green 
light, the visibility curve varying but little with temperature. This curve 
is given in Fig. 13), Plate III., together with the dotted curve representing 
the equation 





V = 4cos 0.2/160 a/ 4 V+ Vi2+4 V, Vz cos 2. 2X/25.3, 


; 4 Saas 
in which 2 a3 


9 —X 2/1882 
and wae ages 


This is the visibility curve due to a double source, each of whose com- 
ponents is a close double, as shown in Fig. 13a. 


Mercury. Mercury in a vacuum-tube gives two yellow lines 5790 and 
5770, a very brilliant green line at 5461, and a violet line at 4558. 

The yellow lines are not very bright, and are so close together that it is 
somewhat difficult with the dispersion employed to prevent the ight from 
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overlapping. Notwithstanding these difficulties, the close agreement of a 
number of observations shows that the curve for the lower lne, given in 
Fig. 140, Plate III., is a close approximation to the truth. Neglecting the 
effect of a line of feeble intensity at a distance of about 0.24 from the prin- 
cipal line, the distribution of light im the source is represented in Fig. 14, 
which gives for the visibility curve 


V=4 3 V,2+ V,2+6 V, V, cos 2 7X/28, 


: : r _ 9—X ?/a002 
in which V,=2 “« ’ 

7: 9 =—X 3 2602 . - 9 
and V,=2 cos 0.5/280. 


Fig. 15), Plate III., represents the results of observations on the upper 
yellow line, omitting some peculiarities due to the presence of one or more 
lines of feeble intensity. The curve agrees closely with the formula 


Va / 3 V+ V2+6 V, V,cos2 xX/70, 


9 —X 2/1832 
Vv. =2 en 


in which ; 


—X 2/1962 
and V,=2 tp 


which represents the visibility curve produced by two lines of intensities 
1:3 and separated by 0.019 divisions as shown in Fig. 15a. 

The green mercury line is one of the most complex yet examined. The 
constituent lines are nevertheless so fine that the interference bands are fre- 
quently visible when the difference of path is over four tenths of a meter! 

The full curve in Fig. 16), Plate IL., gives the results of observations cor- 
rected for personal equation, while the dotted curve represents the equation 


V=2 * / 0.69 V,2+0.03 V,2+0.28 V,V, cos 2 7X 31.4, 


in which V, = 0.62+0.38 cos 2 7.X/360; 
and V, = 0.77+0.23 cos 2 7X/110. 


This is the visibility curve corresponding to the distribution represented 
in Fig. 16a. The components of the line for simplicity have been assumed 
to be symmetrical, as figured; but the observations are not sufficiently ac- 
curate to determine whether for instance each component is a double or a 
triple line. In this case also, as in the preceding ones, it is impossible from 
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the data given to determine whether the smaller component is to the right 
or left of the principal line. A direct observation with the grating showed, 
however, that the smaller component is toward the red end of the spectrum. 

The full curve shows that there is at least one other line—probably 
more than one—whose intensity is roughly one twentieth of the principal 
line, and whose distance from it is about three times that of the chief 
components. 

The violet mercury line is much more difficult to observe than the 
others. The results obtained by observation, corrected for personal equa- 
tion, are given by the full curve Fig. 17), Plate II]. The formula for the 
dotted curve is 


V= i 0.88 V,2+0.12 V;V, cos 2 7X/23, 


9 


in which V, =2°-*7/ | 0,62 +0.38 cos 2 =X'200 | 





BK ans 
and Va 2 m0 


the resulting distribution of light shown in Fig. 17a. 

The results of the preceding work are collected for comparison in Fig. 18, 
Plate IV., together with the D group in the solar spectrum. From these, as 
well as from the curves, it will be seen that it is easy by this method to 
separate lmes whose distance apart,is only a thousandth of that between 
D, and D,, and even to determin e distribution of light in the separate 
components. The conditions mst favorable to high values of the visibility 






are low density and low temperature, and these conditions were complied 
with as far as possible. Still, in many cases, the range of visibility due to 
slight variations of the conditions shows that the behavior of each substance 
must be carefully studied under all possible circumstances of temperature, 
pressure, strength of current, size and shape of the electrodes, diameter of 
the vacuum-tube, ete. 

The effect of temperature and of pressure on the visibility may be readily 
accounted for on the kinetic theory. In fact, there is but little doubt that 
these are the chief if not the sole causes of the broadening of the spectral 
lines and the consequent diminution of visibility ; the latter cause acting by 
altering the period of the source by frequent collisions, and the former by 
the change in the wave-length of the light due to the motion of the source 
in the line of sight. 
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If, now, the density of the vapor is very low, the second cause may be 
ignored, and it will be shown that in the case of hydrogen this is the case 
when the pressure is one or two millimeters. 

In most of the cases investigated the pressure was so low that the dis- 
charge passed with difficulty. Supposing, then, the effect of collisions to be 
insignificant, let it be proposed to find the effect due to the motion of the 
molecule in the line of sight. If v be the mean velocity of the molecule and 
V that of light, then the formula for the resulting visibility curve, as given 
by Lord Rayleigh,* is h = (1—a")/(1+a’"). 

If the definition of visibility as given above be taken, however, this 


V=a'=eap | (és vr) i 


If A be the difference of path at which the visibility is reduced to half 
its value at Y=0, then 


becomes 


i 12 V 
Ey ae 
ie T Vv 
: A as 
or approximately 5, = 0.15 Ls 
\ uv 


If we take for hydrogen v = 2000 meters per second, then 


5 = 22500. 

Again, if we ignore the difference in the temperature (about which there 
is considerable uncertainty) at which the other substances were examined, 
the velocities v would vary inversely as the square root of the atomic weight, 
and the number of waves in the difference of path at which the visibility is 
0.5 is therefore 22500 1m. 

Considering the difficulties and uncertainties of the problem, the follow- 
ing table shows a remarkable agreement between the values actually found 
and the calculated results.t 


*“On the Limit to Interference when Light is Radiated from Moving Molecules.” Philosophical 
Magazine, April, 1889. 

+ It should be stated that the value of A for the yellow sodium line, if taken from the curve, would 
be much larger than that given. The latter was the mean of a number of observations taken within the 
past month. As has been stated before, this particular curve has not been obtained since last year. A 
few other substances very difficult to examine, either because the lines are too feeble, or because the 
spectrum is so unstable, have given results not quite so consistent as the above, though all are of the 
same crder of magnitude as that required by theory. 
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Subst. At. Wt. i A iN 7 N. (Cale.) 
12 Pages. 1 eerooO,) ve 19:0) 262  S0000i.. 22500 
ge Pes al eee Oye Li St0 teen” SOOON -.: 7 222500 
Ona: | 16 peeolGse.! © 34-0 550008... 80000 
Nepean a eo meomOlOun.: - 166.07...) 107000 108000 
Neo 009. 80:0 ..° 133000 108000 
Na ee 28 maroon e. 62.07... 109000" .. 108000 
Ne oeecommeee ols.  44:0°..... 85000 .. 108000 
Naz. 23 ASeae 00.0) =. 110000. 2 108000 
Pit sos Gods s. 636 66.0 .. 104000 .. 182000 
LiteOn sok, .. 47.0... .. 98000... 182000 
Cde ee 220). 644 >. ~32188:0° .. 215000 . 2388000 
Cpe ela Ome 09°... 120.0... 236000 238000 
Cd. 2 201. 480... 64.0 .. 134000 238000 
oe 2000) 22) o19)..- -230:0 .. 400000 317000 
oem eZ00Ky ea conte 81540" .. 270000 317000 
igre 2000 (22 546%. 230.0 .. 420000 317000 
Bic 000s an 436 00:0 :. 230000 .~ 317000 
Die 20soe esse. 220:0'-. 400000: .. 322000 


In order to show conclusively that the effect of density may be neglected 
in the foregoing observations, as well as to ascertain the law governing the 
broadening of spectral lines, by pressure or density, a series of observations 
was made on the red hydrogen line at varying pressures, with the results 
shown in Fig. 19a, Plate V.* 

From these curves the following table was calculated : 


Pressure in mm. 6 
90 eae 0.128 
al: eee 0.116 
47 ey 0.095 
23 eee 0.071 
13 ater? 0.056 
9 0.053 
3 0.050 
5 0.048 


* The numbers against the curves denote pressure in millimeters. 
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“s : : ; 1 
In Fig. 19) the curved line gives the relation between 2 and —, and shows 
J 


clearly that when p is less than 5™" the effect of collisions has almost en- 
tirely ceased. If we take as variables 2 and p, the results agree very closely 
with the straight line ¢—4,=k p, in which 3,=0.047 (the “ half-width” of 
the line at zero pressure in the units adopted), /=0.00093, and p is the- 
pressure in millimeters.* 

The same results were found for the blue hydrogen line, though, as 
might be expected, these were not so consistent. 

It thus appears that in the case of hydrogen—and probably in all other 
cases—the width of the spectral lines diminishes toward a limit as the 
pressure diminishes, which depends upon the substance and its tempera- 
ture; and that the excess of width over this limit is simply proportional to 
the pressure. 

In general it may be said that under considerable ranges of temperature 
and pressure the character of the visibility curve remains the same; but it 
may be important to note that there are a number of exceptions to this rule, 
among which the green mercury line and the yellow sodium line may be 
especially mentioned. 

Thus, Fig. 20a, Plate V., represents the visibility curve usually observed 
for the green mercury line, and Fig. 20c represents that obtained when the 
vacuum is so high that the discharge passes with difficulty, while Fig. 200 
represents the intermediate stage. This last observation was obtained by 
placing the mercury in an atmosphere of hydrogen whose pressure could be 
measured by a McLeod gauge. 

It might be objected that the presence of a foreign substance might of 
itself affect the distribution of light in the source, and therefore the form 
of the curve. In order to test this point, a series of observations of the red 
hydrogen was taken while the tube contained liquid mercury which was 
heated until the mercury spectrum was at least ten times as bright as that 
of the hydrogen. The character of the visibility curve was not perceptibly 
altered. 

In the same series of experiments it was found that, provided the pres- 
sure of the hydrogen remained constant, the effect of a change in tempera- 
ture from 75° to 140° had no appreciable effect on the result. In this 
connection it may be mentioned that the character of the curve for the 
green mercury line was not essentially altered when, in place of metallic 


* In the figure the numbers representing values of the absciss for this line should be multiplied by 100. 
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mercury, the nitrate, iodide, or the chloride was substituted, the only impor- 
tant effect being a diminution in the visibility in the order named. 

In the case of yellow sodium light, it has already been mentioned that 
the character of the curve is more variable than that of any other line thus 
far examined. This is illustrated by the curves in Fig. 21a, and Fig. 210, 
Plate V. It has not been possible thus far to devote the attention which 
a systematic investigation demands. These changes are very puzzling to 
trace, but undoubtedly much of the difficulty is due to the fact that the dis- 
persion employed was not sufficient to permit the separate examination of 
the components. Still there can be no doubt that the width of the lines, 
their distances apart, and their relative intensities vary rapidly with changes 
in temperature and pressure. 

In addition to the preceding investigations of visibility curves for light 
emanating from a rare gas or vapor in a vacuum-tube, the curves for sodium, 
thallium, and lithium in the flame of a Bunsen burner have been observed, 
and the results are given in Fig. 22, Plate V. The thallium and lithium lines 
are clearly double, the distance between the components of the former agree- 
ing very well with the results obtained with the vacuum-tube. 

These substances were brought into the flame in the ordinary way, and 
the results obtained were at least as good as when a finely divided solution 
was used according to the method of Gouy. It appears from these curves 
that the width of the lne is about ten times as great as when the vacuum- 
tube is used. But if the temperature of the flame be taken at 1500° C., 
and that in the vacuum-tubes at 350° C., the limes should be only twice as 
broad in the former case as in the latter. It appears then that notwith- 
standing the small quantity of substance present (barely enough to color 
the flame), the real density must be comparable to that of the vapor of the 
substance boiling under atmospheric pressure. 

The principal object of the foregoing work is to illustrate the advan- 
tages which may be expected from a study of the variations of clearness of 
interference fringes with increase in difference of path. The fundamental 
principle by which the “structure” of a line or group of lines is determined by 
this method is not essentially different from that of spectrum analysis by 
the grating, both depending in fact on interference phenomena; but in con- 
sequence of the almost complete freedom from errors arising from defects 
in optical or mechanical parts, the method has extraordinary advantages for 
this special work. <A glance at Fig. 18, Plate IV., will give a fair idea of the 
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“resolving power” of the method as compared with that of the grating. In 
order that the comparison be quite fair, however, it would be necessary to 
take for a comparison spectrum that of the substances here used, and under 
the same conditions. With the best instrumental appliances now in use, it 
is difficult to “resolve” lines as close together as the components of either of 
the yellow sodium lines. It is evident, however, that by Light-wave Analysis 
—if I may venture so to call the foregoing method—a tenth of this distance 
is obviously within the limit; indeed, if the width of the lines themselves be 
less than their distance apart, there can be no limit. 


SUPPLEMENT. 


I. It has already been pointed out that in many cases it is difficult or 
impossible to decide between two or more distributions of lines which give 
very nearly the same visibility curve; and when there are many lines in the 
source, the combinations of intensities and arrangement of these, from which 
a type may be selected, are enormously great. Indeed, even when the number 
of lines is greater than three, excepting perhaps the cases where the lines 
may be in pairs (as in the case of yellow sodium light), the resulting visi- 
bility curve becomes so complex that it is very difficult to analyze. Doubt- 
less in many cases where the components are not too close, the grating 
will give the information necessary for the investigator to select the proper 
combination. 

It may readily be shown that the formula 
C+ 8? 

PP ’ 


y= 


for the visibility curve due to a distribution of light, y= ¢ (7), is identical with 
that of the intensity curve at the focus of a telescope provided with aper- 
tures which produce this distribution in the light passing through. Accord- 
ingly, if a telescope be provided with apertures adjustable in width or length 
and distance apart, the diffraction image of a distant illuminated slit will 
give at once a representation of the whole visibility curve; and by adjust- 
ment of intensities and distances, any particular visibility curve may be more 
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or less accurately copied; thus furnishing a means of studying the relations 
between V and ¢ (x) which, while giving perhaps only a rough approxima- 
tion to the truth, may prove more convenient than analytical or graphical 
methods. 


II. One of the purposes which led to these investigations was the search 
for a radiation of sufficient homogeneity to serve as an ultimate standard of 
length. It will appear from the curves of cadmium that there are three 
lines which may be used for this purpose. The red cadmium line is almost 
ideally homogeneous, and will readily permit the estimation of a change of 
phase in the interference fringes of one hundredth of a fringe in a total dis- 
tance of 200 millimeters or over 300,000 waves. 

Both the green and the blue lines are fairly well adapted for the pur- 
pose, and will prove very valuable as checks. Each of these, however, has 
a small companion, and it is necessary to know the effect of this in altering 
the phase of the interference bands. 

If © be the fraction of a wave by which the position of a minimum is 
shifted on account of the presence of the companion, « the number of 
“periods” in the difference of path, and r the ratio of the intensities, then 


r sin 2x0 


tan 2x9 = — —_——_~_., 
f 1+~r cos 27a 


Thus, if y= 1/4, ¢ is a maximum when «@ is about 1/3; and for this we 
have, approximately, ¢ = — 0.04. 

This is the largest correction to be applied, and is negative if the brighter 
line has the greater wave-length. It is theoretically possible, by this means, 
to determine, in case of an unequal double, or a line unsymmetrically broad- 
ened, whether the brighter side is toward the blue or the red end of the 
spectrum. . 


Ill. It has been argued that even if all practical difficulties In making 
large gratings could be removed, nothing further could be gained in resolu- 
tion of groups of spectral lines, on account of the real width of the lines 
themselves, caused by the lack of homogeneity in the radiations which pro- 
duce them. The results of the preceding investigations show that, while 


* See Philosophical Magazine, April, 1891, page 345. (The value of r is the reciprocal of that here used.) 


24 ON THE APPLICATION OF INTERFERENCE METHODS 


this is very far from being true with present gratings, such a limit undoubt- 
edly exists. The accordance between the measured widths of 18 lines 
shows further that this broadening of lines in a rare gas can be fully 
accounted for by the application of Déppler’s principle to the motion of the 
vibrating atoms in the line of sight, and indeed furnishes what may be 
considered one of the most direct proofs of the kinetic theory of gases. 

The form of the ultimate components of all the groups of lines thus far 
examined is found to agree fairly well with an exponential curve, 


cea. 
which shows that the distribution of velocities cannot vary widely from that 
demanded by Maxwell’s theory. 

If the limit above mentioned were due solely to the motion of the mole- 
cule, and the radiating substance could be rendered luminous while its 
temperature was very low, it might be possible to observe interference 
phenomena with difference of path of many meters. But it must be consid- 
ered that, since every vibrating molecule is communicating its energy to the 
wether in the form of light-waves, its vibrations must diminish in amplitude; 
consequently the train of waves is no longer homogeneous even though the 
vibrations remain absolutely isochronous, and the result is a broadening of 
the line and limitation of the difference of path at which interference is 
visible. 


Plate 7. 
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ADVERTISEMENT. 


The present memoir is the result of a series of investigations by Professor 
Morley, which have been aided to some extent during the last two years by the 
Smithsonian Institution. 

The atomic weight of oxygen may be called the base line upon which practi- 
cally our entire system of atomic weights depends, and a small error in its measure. 
ment becomes large by multiplication in the higher parts of the atomic weight 
scale. Hence its accurate determination is of fundamental importance. 

In his investigation, Professor Morley has studied the problem by two 
methods, 

Ist. By the synthesis of water, in which he, for the first time, has achieved 
completeness by actually weighing the hydrogen, the oxygen, and the water formed, 
whereas all his predecessors took one or another of these factors by difference. 

2d. By the density ratio between oxygen and hydrogen. In this method he 
has weighed the gases of greater purity and in larger quantity than hitherto, and 
he has in some instances operated without the intervention of stopcocks, and there- 
fore with no possibility of error due to leakage. He has also, as a correction to 
the density ratio, redetermined the composition of water by volume. 

By both methods he reaches the same result : 

O = 15.879, with variation in the fourth decimal place as between the two. 

In accordance with the rule adopted by the Smithsonian Institution, the work 
has been submitted for examination to a committee consisting of Professor F. W. 
Clarke and Doctor Carl Barus, and having been recommended for publication 
it is herewith presented in the series of Contributions to Knowledge. 


S. P. Laneney, 
Secretary. 
SmirHsonran [ysrirurion, 
Washington, July, 1895. 








o® 





ice: 


Tuts paper consists of four parts, the first of which contains a determination 
of the weight of one litre of oxygen under standard conditions at the sea level in 
latitude 45°. The second part contains a similar determination for hydrogen ; by 
the use of a method which is new in this application, although previously used hy 
Buff in the case of some other gases, the accidental errors of observation have been 
made smaller than is usual with so light a gas, while it is hoped that a certain 
source of constant error also has been eliminated. 

The third part contains an attempt to determine the volumetric composition 
of water. Both Scott and myself have made determinations of this ratio in which 
the gases were measured in eudiometric tubes. But the value thus found was 
smaller than when, afterwards, considerably larger volumes of the gases were 
measured in vessels of greater capacity. On account of this unexplained discrep: 
ancy, three determinations of the volumetric ratio by means of three different 
processes were thought to be desirable, and the apparatus required was made 
ready. Only the least helpful of the three methods, however, has been actually 
completed. When the other methods were to be used, a workman who had been 
taught to watch my apparatus when left in action during my absence from the 
room, had been assigned duties in another building, and the attempt to work with- 
out this assistance resulted in many accidents, and ended in completely disabling 
the apparatus; this part of the paper is therefore but fragmentary. 

The fourth part of the paper contains a series of syntheses of weighed 
quantities of water from weighed quantities of hydrogen and of oxygen. A second 
series was begun, but the accidents just mentioned put an end to it. Perhaps, 
however, the series which is here described will have some value even without the 
confirmation which it was hoped to obtain from an independent series of observa- 
tions of the same kind, 

Excepting one combustion furnace belonging to Adelbert College, all the 
apparatus used was purchased or constructed expressly for this investigation, 


which has been carried on in a basement store-room in one of the college buildings 
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On tHE DensiTIEs oF OxyGen anp HyproGEN, AND ON THE 


Ratio oF THEIR AtTomic WEIGHTS. 


By Epwarp W. Mortry. 


PART L—ON THE DENSITY OF OXYGEN. 
1.— INTRODUCTION. 


The first part of this paper describes three series of determinations of the 
density of oxygen. In the first series, the pressure and temperature of the 
gas to be weighed were determined with mercurial thermometers and a mano- 
barometer. In the second series, pressure and temperature were not determined for 
each experiment, but were made equal to the pressure and temperature of a stand- 
ard volume of hydrogen, the comparison being made by means of a differential 
manometer. In the third series, the temperature was that of melting ice, so that 
the mano-barometer alone was observed. 

In the first series, the surfaces of the globes in which the oxygen was weighed 
were hardly touched during the manipulation ; and not touched at all in the second 
series. In the third series, the globes were in contact with cold water for a con- 
siderable time. The stopeocks were covered with rubber capsules during this ex- 
posure, but it seems that this protection did not much lessen the uncertainty 
usually noticed in the weight of glass so exposed. 

In the reduction of each observation of the first series, account was taken of : 

1. The expansion of the glass of the globes ; 
9. The errors of the two mercurial thermometers ; 

8 The deviation of the mercurial thermometer from the hydrogen  air- 
thermometer ; 

4. The difference between the coefficients of expansion of hydrogen and of 


oxygen a 
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5. The elevation of the cistern of the mano-barometer above the centre of the 
vlobe while the latter was filling with oxygen ; 

6. The correction to the length of the scale of my mano-barometer ; and 

7. The force of gravity at my laboratory. 

In the second series, the first three of these seven factors were eliminated, for 
thermometers were not used, and the expansion of the globe in which the oxygen 
lad its pressure measured was compensated by the equal expansion of the similar 
globe containing the standard yolume of hydrogen. In the third series, the cistern 
of the mano-barometer, which was then used asa syphon barometer, was at the level 
of the centre of the globe, so that the observations were reduced by taking account 
simply of the length of my scale and of the force of gravity at my laboratory. 

In the forty-one determinations which are included in the three series, eight 
different globes were used, in order to eliminate the effect of accidental errors in 


the determinations of their capacity. 


2.—MEASUREMENT OF CAPACITIES OF GLOBES. 


My measurements of the capacities of the globes used for weighing oxygen in- 
volved three processes, as follows: 

1. The determination of the weight of the globe in air; 

2. The determination of the weight required to be added to maintain the 
globe in equilibrium when immersed in water of known temperature ; and 

3. The determination of the loss of weight of the globe when full of water 
and immersed in water of the same temperature. Combining the first determination 
with the second, we get the external volume of the globe ; from the third and first 
determinations we get the solid contents of the material of which the globe is com- 
posed. The difference between the external volume and the solid contents gives 
the capacity. 

It is obvious that a determination of the weight of the water required to fill 
the globe at a known temperature would form a more direct and a more accurate 
determination of its capacity; but this would have required the use of a balance 
carrying twenty-five kilogrammes in each pan, which I should have had to pur- 
chase for the purpose. As the other expenses of the investigation were a heavy 
burden, the method just deseribed was used ; it is hoped that the results of the de- 
terminations will be found to have been sufficiently accurate. As the errors of the 
calibrations seem to have been made much Jess than the accidental errors of single 
experiments, as the number of calibrations of each globe was not too small, and as 
so many globes were calibrated and used in the determination of density, no error 


of sensible magnitude is likely to have been caused, 
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AND RATIO OF THEIR ATOMIC WEIGHTS. 


3.—PRELIMINARY WEIGHING OF GLOBES. 
A balance carrying twelve hundred grammes in each pan was mounted on a 
case designed for the accurate weighing of globes containing oxygen or hydrogen. 


This case, with the balance, is seen in Fig. 1. Its walls are thirteen centimetres 
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Fic. 1.—Preliminary weighing of a g 


thick, as are also the top, the bottom, and the doors; all are filled with non-con- 
ducting material. Hooks attached to the pans of the balance pass through the top 
of the case. To one of these the globe, with its stopcock closed, was suspended, 
and a thermometer was placed at its side. After an hour, the weight of the clobe 
was determined, the case was opened long enough to observe the thermometer, and 


the height of the barometer was noted. A second observation was made after 
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another hour; the weight corrected for the air displaced by the globe and by the 


brass weights could now be computed. 
4.—AUXILIARY WEIGHTS FOR HYDROSTATIC WEIGHINGS. 


The additional weights required to sink in water my largest globes, amounted 
to more than twenty kilogrammes. This amount was made up of brass weights, 
sach of which could be weighed on the balance just mentioned, while their 
sum was nearly twenty times its greatest admissible load. Each one of these 
weights was weighed while suspended in water of known temperature, so as to 
determine, not the absolute weight of the mass of brass, but its effective weight 
when used in the hydrostatic weighing of a globe. A scale pan with which to 
suspend the weights from the globe was also weighed in the same manner. The 
jar of distilled water, in which the weights were immersed, was placed in the case 
already mentioned, with a thermometer divided into tenths of degrees, and of 
known index error. Weighings could be made to single milligrammes, but weigh- 
ings on different days differed by many times that amount. P 

The temperature of 18° C. was taken as a standard temperature to which the 
weights were reduced. If a brass weight is immersed in water of some lower tem- 
perature, its own contraction will add to its effective weight, while the contraction 
of the water will lessen the effective weight. The difference of these contractions, 
referred to the assumed standard temperature, will give the loss of weight of the 
unit volume of brass. The specific gravity of the weights was 8.4, so that the 
effective weight of the unit volume of brass when immersed was 7.4 units of weight. 
If, therefore, we divide the difference between the expansions of water and of 
brass, both counted from 18° C., by the factor 7.4, we shall obtain the change of 
the effective weight of the mass of brass which, when immersed in water at 18° C., 
has an effective weight of one kilogramme. 

The following table gives the volumes of water and of brass at different tem- 
peratures referred to the volume at 18° taken as unity, the differences, and the dif- 
ferences after division by 7.4, expressed as grammes per kilogramme. The corree- 
tions taken with changed sign will reduce the weight observed at some other 
temperature to the weight at 18°. 

Ten of these auxiliary weights were cylinders twenty-five millimetres in di- 
ameter; nine were disks about fifteen centimetres in diameter. The weight of each 
was determined by hydrostatic weighings on four different days; it was suspended 
by a fine brass wire in water whose temperature was noted, and the observed 
weight was reduced to the weight which would have been observed at 18° C. by 
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applying the corrections given in the following table with their signs changed. 
Eight of them were also weighed in water at about 0° C. as a check on the accuracy 
of the corrections. These values obtained at 0° C. are given in column v of 


Table B. 


Tempera- Expansion of Expansion of Difference. Correction for one 
ture. Water. Brass. Kilogramme. 


° 


° -998 753 -998 996 .000 243 F033 : 
1 696 9 O51 355 — O48 
2 656 107 451 =  .000 
3 633 163 530 asi 
4 626 219 593 —) 080 
5 634 274 640 — .087 
6 657 330 673 — .090 
HT 696 386 690 — .092 
8 748 442 694 — .092 
9 814 498 684 — OO 
10 895 554 659 — .089 
It .998 989 609 620 — .084 
12 -999 096 665 569 O77 
13 216 721 505 — .068 
14 349 777 428 ae OSS 
15 494 832 338 = col 
16 651 888 237 Oa 
17 -999 810 -999 944 124 ee OL] 
18 1.000 000 I.000 000 000 — 000 
19 191 056 135 + .o18 
20 394 112 282 + .038 
21 607 168 439 + .o60 
22 830 223 607 + .082 
23 1.001 064 279 785 + .106 
24 397 335 972 aie Doe 


Since these reductions for temperature are so simple that they can scarcely 
need revision, I give only the reduced values. The weights marked with the let- 
ters A to L were, after using them for the globes numbered 1 and 2, so neglected 
that when they were used again it became necessary to polish them, after which 
their weights were again determined. 


A.—EFFECTIVE WEIGHT IN WATER AT 18° c. NOT REDUCED TO WEIGHT IN VACUUM: GRAMMES. 


I ul Il MEANS. 
A 1001.698 1001 .694 1001.698 T0O1.697 
B 934-355 934-339 934-326 934-340 
C 986.818 986.804 986.801 986.808 
D I010.032 IOIO.O14 IOI10.007 10o10.018 
E 997 -862 997-847 997-847 997-852 
F 983-643 983-639 983 -639 983-640 
G 1009 .041 1009 .097 1009. 104 1009.081 
H 1003.117 1003.127 1003.124 1003.123 
I [002.324 1002.352 1002. 365 1002.347 
J 499-072 499.076 499-105 499.084 
K 210.350 210.363 210.357 
L 


205.565 205.576 205.572 205.574 


. ee eee 
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B.—EFFECTIVE WEIGHT IN WATER AT 18°C. REDUCED TO WEIGHT IN VACUUM : GRAMMES. 


I ul ul Iv v MEANS. 
A 1001. 483 roor. 488 IOOI.472 1001. 483 1001.481 
B 934-146 934-134 934-127 934-137 934-131 934-136 
Cc 986.078 986.058 986.065 986.061 986.074 986 .063 
D 1009 .662 1009.641 1009.641 1009.647 1009 .645 1009.648 
E 997-355 997-345 997-349 997-344 997 - 34° 997-346 
r 983-392 983-394 983 . 387 983.391 983.388 983.39! 
G 1008.826 1008. 802 1008.797 1008. 807 1008 .805 1008. 808 
H 1002. 286 1002.273 1002. 264 1002.271 1002.270 1002.274 
I 1002.052 1002.044 1002 .034 T002.045 1002.047 1002.044 
J 498.822 498.822 
K 210.181 210.181 
L 205.589 205.589 
I 1144.511 1144.508 1144.502 1144.504 1144.506 
2 1146.713 1146.712 1146.706 1146.720 1146.713 
3 1153.838 1153-844 1153-835 1153-845 1153.840 
4 1152.029 1152.030 1152.036 1152.037 1152.033 
5 1145-013 1145.012 1145 .026 1148.024 1145-019 
6 1144-533 1144-533 
6* 1094.470 1094. 465 1094.467 1094.467 
7 1149-305 1149.313 1149.310 T100.317 1149.311 
8 1157-441 1157-455 1157-452 1157-450 
9 II51.124 115.127 II51.137 1151.129 
10 1165.494 T165.500 1165.499 1165.498 


The probable error of a single determination in Table A is 10, and in Table 
B is 4.6, milligrammes; that of a mean value in A is 6, and in B is 2.3, milli- 
grammes; that of the sum of all the large weights in A is 20, and in B is 10, mil- 
ligrammes. It is obvious that the values of the weights were sutticiently well 


determined. 


D.—HYDROSTATIC WEIGHING OF GLOBES. 


The manipulation of the hydrostatic weighing of globes varied slightly with 
the size of the globes. 

For the smaller globes numbered 1 and 2, the arrangement shown in Fig. 2 
was used. The globe is in a copper cylinder having tubulatures for six thermome- 
ters. Around the neck of the globe is placed a brass collar, shown at ¢ in Fig. 3. 
To this is suspended a pan @ by means of copper ribbons 8 6. Distilled water is 
poured into the cylinder to a depth of perhaps twenty centimetres. The pan is 
laid in the bottom of the cylinder and loaded with the required weights, care being 
aken to remove air bubbles. The globe and its collar are adjusted in position, 
and the cylinder is filled with water without producing air bubbles. The cylinder 
is then set in the non-conducting case on which the balance stands, Fig. 2, and 
the globe is suspended from one of its pans by asmall wire. The thermometers are 
thrust far enough through the tubulatures, and the case is shut. After a time, the 
weights needed to produce equilibrium are determined, when the case is opened 
and the thermometers are read. 
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The motion of the balance is slow, owing to the volume of water which has 
to be displaced for each vibration, but it is easy to determine within a centigramme 
the effective weight of the immersed system. ‘The observations were repeated at 


intervals of an hour. 
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Fic."2.—Hydrostatic weighing of small globes. 


For the determination of the temperature I calibrated two thermometers whose 
scales were divided into tenths of degrees. That one marked G has a scale of equal 
parts; 741 had a scale intended to compensate for inequalities in the bore of the 
tube. Both were ealibrated on the dividing engine, with no reference to the en- 
graved scale, except in determining the proper length of the threads of mercury 
separated. One was calibrated by Bessel’s method, the other, by the method 
Hansen. After the calibration of the tube, the accidental errors and the inten- 


tional inequalities of the seale were determined. The results of the calibration were 
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then reduced to suit the engraved scales. Thermometer number 741 was of the 
Jena normal glass; G was of the glass of which Geissler made his thermometers. 

The boiling point was determined after half an hour of ex- 
posure to steam. The freezing point was determined by noting 
the maximum depressed zero within two or three minutes after 
the last exposure to steam. ‘The zero point was frequently 
redetermined. 

Temperatures determined with the two thermometers 
agreed as closely as different readings of the same thermometer. 
To the scale of these two thermometers were reduced the read- 





ings of the other thermometers used for the temperatures of 
Fic. 3.—Collarand pan the water in the hydrostatic weighings. 


for submersion of globes. 


DETAILS OF A TYDROSTATIC WEIGHING, 


To give a clear idea of the details of the process, part of the determination of 
the volume of globe No. 1 is here given: first, the observations made on April 
7th; secondly, the computation for this day ; and, thirdly, the results for each of 


the other days on which this globe was weighed in water. 


HYDROSTATIC WEIGHING, APRIL 7th. 


On balance B, Globe 1, cage and pan, weights ABCDEFGH, left. 


HOUR. TEMPERATURE BY SIX THERMOMETERS. WEIGHTS, RIGHT. 
At bottom. At top. 
12.30 P.M. 17.250 17.24° 7228) 17,25: 17.250 917.20 wes ueudyen 
12.50 P.M. 17.257 D722%, L722 0 17.22" 17.22° 17.24° 351.11 gr. 
2.15 P.M. 17.20° La1Q? Dy,19 +) Lye LOs 17,205) VL 7aGnee 950-05; pr 
3-15 P.M. 17.18° 17.16° 17.07 17.16° 17.177 17.16° 350.0% gr. 


4.30 P.M. W75UAw oe eyola 17.14° 177° 17.07 17.16° 350.99 gr. 
6.00 P.M. 17.16° 17.12° 17.12° 17.14 Lee 17.14° 350.96 gr. 


In the reduction, the indications of the thermometers at the top and bottom of 
the cylinder of water were not included in the mean. One of these was somewhat 
above the globe, and the other was somewhat below. They served to show the 
presence or absence of thermal inequalities producing currents; the other ther- 
mometers fairly showed the temperature of the water in which the globe was 


floating. 
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COMPUTATION OF THE OBSERVATION AT 12.30 P.M. 


Weights ABCDEFGHY) .......-- 22-12 see eee eee eee ene 8425.64 gr. 
RECIPE OMAEON Va CHIU aarty-)elclisisicicositeiae -clsicyere clench es «== Scheie eee T 
Reduction of weights to temperature, 17.247 C...............- — 11 gr. 
Corrected weight of brass used as a sinker.........-..++.--5- 8424.36 gr. 
(Ware van Caan crests eresjeleselninie esmeue/= sete ato ee el opelelele hein noel 178.32 gr 
Clabes NommrrCorrecteG tonvaCUlM. 2. sec) eee os eles eee wiles 1015.22 gr 
Sum of weights, left pan of balance...........-......2.----: 9617.90 gr. 
Weights on right pan, reduced to vacuum........... esac ah T.COret: 
Weight of water displaced.......--...-+.-+. sees sees ceeeeee 9266.81 gr. 
Multiplying by 1.001237, we have volume at 17.24°.........-.. 9278.27 cc. 
Reduction to o° for expansion of glass...........-.-.--+++s-+- — 4.47 CC. 
NAHI SM ATING we Oper neta Polen ciate se Ss Sv icl seve, site ue esoncled  ftifare sloretn eve tered 2/eisteriotereiepaielole 9273.80 Cc. 


In the same way, we get for the other weights and temperatures given above, 


5 
12.50 P.M. 9273.79 CC. 
2.15 P.M. 9273.80 Cc. 
3.15 P.M. 9273.79 CC. 
4.30 P.M. 9273-79 CC. 
6.00 P.M. 9273.79 CC. 


These determinations are recorded as one result: all the results for this globe are 
given in the table of data concerning the rapacity of globes. 


HYDROSTATIC WEIGHING OF THE LARGER GLOBES. 


In the case of the larger globes, the manipulation in the hydrostatic weighings 
was slightly different; the eylinder filled with water in which the globe was 
immersed was too heavy to be conveniently moved into and out of the case on 
which the balance had been placed. The cylinder for the larger globes was accord- 
ingly placed permanently in a closet about three metres square which was built 
inside a basement room of tolerably constant temperature. It was surronnded with 
a non-conducting case. Over it was placed the balance with a clear space of three 
quarters of a metre beneath it. Further, the volume of water needed was now so 
much that the removal of it every time a globe was immersed became tedious. So 
a triangular platform was attached to three brass rods, and these to cords passing 


¢,so that the platform with any load could be raised or 


3D? 


over pulleys in the ceilin 
lowered at will. The cords were arranged to pass before, behind, and to the left 
of, the balance without interfermg with it. This platform being raised, the pan 
and its weights were arranged and the globe and its collar were attached to it. 
The platform was then lowered, and the globe sank to the bottom. The latter was 
then raised a little and suspended by a wire from the balance, and weighed as 
before. 


In the other method, the water was stirred by pouring, which was tedious. 
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With the present apparatus, alternate raising and lowering of the globe by means 
of the movable platform soon made the temperature uniform, 

When the thermometers were used for several weeks in the horizontal position, 
the column of mercury in two of them sometimes separated, so that they could no 
longer be read. For some determinations, therefore, I procured thermometers 
divided into fiftieths of a degree, having the graduations at the end of a long tube. 
With these the temperature could be read, even at the bottom of the cylinder, with 
the thermometer in the vertical position. By moving them, the temperature of the 
water at all depths could be determined. 

Most determinations were made at the temperature of the room. But a few 
determinations were made with the temperature below 4° C., some by using ice in a 


large tank, and some by working in an attic room in winter. 


6.—EXPANSION OF WATER AND OF GLASS. 


The volume of one gramme of water at different temperatures which is required 
in reduction of the hydrostatic weighings was taken from the results of Marek, 
Thiesen, Scheel, and Kreitling, as given in the Beihlaetter zu den Annalen, 18, 59. 
The following table gives the volume of one gramme of water for each tenth of a 


degree from 0° to 22°: 


VOLUME OF ONE GRAMME OF WATER AT TEMPERATURE T. 


Ly, 0 1 2 3 4 5 6 % 8 9 
°° 1.000127 121 116 110 104 098 093 087 o81 076 
Ie 070 066 062 058 054 050 046 042 038 034 
oe 030 028 025 023 021 o18 o16 O14 o12 009 
BC 007 006 006 005 004 003 003 002 oo! ool 
4° 000 Oot 002 002 003 004 005 006 006 007 
5 008 ort 013 O15 O17 020 022 024 026 029 
6° 031 035 039 043 047 est 054 058 c62 066 
fa 070 075 o80 086 og! 096 IOI 100s) ex 00 117 
8 122 129 135 142 158 155 162 168 175 181 
9° 188 196 204 212 220 229 237 245 253 261 
10° 269 «= 278 = 288297 307 316 325 335 344 354 
m1 363 374 334 395 400 417 427 438 449 459 
12° 479 482 494 506 518 530 542 554 566 = 578 
13 59° 603 617 630 643 657 670 683 6907 710 
14° 723 738 852 767 781 796 810 825 839 854 
15" 868 884 899 915 931 946 962 978 993 009 
16° 1025 042 059 076 093 109 126 143 160 177 
17 1194 212 230 248 266 284 302 320 338 356 
18° 1374 393 412 43! 45° 47° 489 508 527 546 
19 1565 585 606 626 646 667 687 707 728 748 
20 1768 789 810 832 853 875 896 917 939 960 
20. 1981 003 026 048 070 093 115 137 160 182 
22) 2204 227 250 274 298 321 344 368 391 415 


The coefficient of expansion of the glass globes used for weighing oxygen was 


determined by making three weight thermometers of the necks of three globes, 
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which were filled with mereury by boiling ina vacuum. ‘These were transferred 
from ice to steam, and the expansion calculated from the amount of mercury ex- 
pelled at the latter temperature. The height of the barometer during the exposure 
to steam, corrected for the force of gravity at my laboratory, was 744.1 millimetres. 
Hence the temperature of the steam, according to the table by Broch,* was 99.41°. 
The observations were as follows: 


ihubestullsatigo)Aihcrs. 0-1 410.22 gr. 308.56 gr. 433-53 Sr. 
Weight of tube empty......... AlZOB ine 28.34 23.40 ~ 
INTRO UN eentaes erReireterentoysiet- 369.19 ~ 280.22 “ Aoh-03 
Mercury expelled on heating... 5.6759 “ Aes isit es 6.2197 


If we assume for the density of mercury 


° 


At 0°, Log. 1.133 3888, at 99.41°, Log. 1.125 5573, the cubic expansion of the glass between 
o° and 99.41° is found 


A .co2z 780 
B .002 755 
C .002 801 
Mean, .o02 78 
Hence the expansion for one degree is .000 0280 t 


7.—SOLID CONTENTS OF GLOBES. 


Each globe was weighed in the air while open, and the apparent weight cor- 
rected for the weight of the air displaced by the glass and by the weights. Tt was 
then immersed in water, filled, and weighed, using the same cylinder and the same 
thermometers as in the previous hydrostatic weighings. The solid contents of the 
globes were then computed with the values of the expansions of water and glass 
just mentioned. As an example of the process, the determipation of the solid 
contents of globe No. 1 is given. 


(Globemn MOPED dae scretes ioctl tm erm eis? cxeisislelieleueele aefotoye 101 4.724 gr. 
RRECUCtLOMMEORV ACN era encya to ciatetcPsmeteteners ietekcdi iar: 3 On. s 
ilar tlenwelol tase ai ereverlebeleie. stevets tree te em eteehelsl chee ever sal TOMS es 
GUS 1, tl WEN che ULE one p poceon 60 otooceDbduocoor eA 
(Reductions tonva CUMS a tie teher se rel ste eis 2 ero he les choi-beneeal afalene = 408 
True weight in water...... 2.0.65 + cee eee eee eee cece Bz 34 
TG OSStimM pve eLUCT etererere el sictavorel ers eke mte tees chee fie tour re leno hetanese(et= AAQ TT 
Loss multiplied by 1.001 123, solid contents... .+.....--- 443.27 CC. 
EXSGHEKOM 1) Oras cobousen serene ccesanounomsoarans = 20 — 
SPT PCONECD ESTA Otc ee atthe nice eee rece me 4A rO Tia 


8.—CAPACITY OF GLOBES. 


If now we subtract the solid contents of each globe from the volume we shall 
have its capacity. For instance, we have 


* Travaux et Mémoires du Bureau International, 1 A, 46. 


+ The glass was the ordinary soft German glass, obtained from C. Gerhardt, Marquart’s Lager 
Chemischen Utensilien, Bonn. 
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Volume of ‘globe "Noiites. am taesntact niceties eene-ee 9275.1 cc. 
Solid contents:.<..)\42 «fees tee es Enea ae 443.0 “ 
Capacity ator.- \%.s.catiastue nauk tee oe eee 8832.1 “ 


The capacities of the globes used in determining the density of oxygen are 
given in the following table: 


oS 


Number of globe. External volume. Solid contents. Capacity. 
I 9275.1 cc. 443-0 Cc. 8832.1 cc. 
2 9229.6 “ = 4B5eR 8793.9 “ 
3 20569.5 “ Reo Lae 20057.6 “ 
4 20286.9 “ Avas2o 19812.7 “ 
5 22029.2 “ ang 27557.5 
6 18340.3 “ aga 17895.6 “ 
7 15881.5 “ 498.1 “ 15383 4 “ 
8 16949.7 * AZo TOSm7o2) oe 
9 DSs5O12 s 479.5 “ TSOsx.7) a 


The following table gives all the hydrostatic weighings of these globes with 
the corresponding temperatures. All the weights are corrected for the weight of 
air displaced by them, and the weights which were used in water are corrected for 
the expansion of water and of brass to the temperature of the water in which they 
were immersed. These corrections are not very large, and may be assumed to be 
sufficiently well determined. If the other reductions need subsequent correction, 
the data given are sufficient. . 

It is, of course, obvious that my determinations of the capacity of a globe are 
not as accurate as they might have been made. By weighing the water contained 
in a globe at the temperature of melting ice, Regnault determined the capacities of 
the globes used by him in weighing known volumes of gases with a mean error of 
one fortieth of a cubic centimetre.* But it is thought that the accuracy attained 
is all that is necessary, especially since it is much more than that of other processes 
on which the knowledge of the density of a gas depends. 


DATA CONCERNING THE CAPACITY OF GLOBES. 


LOSS ON IMMERSION, TEMPERATURE, VOLUME COMPUTED, 
Grammes. Degrees. Cubic Centimetres. 
Globe 9266.21 17.87 9274.2 
I 9267.49 16.84 9274.0 
9266.81 17.24 9273.8 
9266.97 17.12 9273.8 
9267.08 17.05 9273.8 
9267.07 17.06 9273.8 
9269.02 15.57 9273.8 
442.77 tn 16.58 443-1 
442.64 16.60 443-0 
442.69 16.78 443.0 
442.65 16.83 443.0 
442.67 16.95 443-0 


* Mendeleef, Annals of the Bureau of Weights and Measures, St, Petersburg, Part I., 59. 
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LOSS ON IMMERSION, TEMPERATURE, VOLUME COMPUTED. 

Grammes. Degrees. Cubic Centimetres. 
Globe 9220.02 18.18 9228.3 
2 222.22 TOu73 9228.5 
Q221.11 17.24 9228.1 
9221.14 17.19 228.0 
9222.65 16.06 9228.1 
435-40 17.02 435-7 
435-42 16.47 435-7 
435-39 16.48 435-7 
Globe 20557.17 16.05 20569.2 
8 20557-83 16.08 20570.0 
20571.72 4.47 20569.3 
511.88 4.57 511.9 
511.98 ey 511.9 
511.88 2.3 511.8 
Globe 20275.26 15.98 20286.9 
4 By another method. 474.2 
Globe 22016.71 16.04 22029.5 
5 22016.57 15.94 22029.1 
22021.00 14.26 22029.0 
22010.19 16.01% 22028.9 
471 07 14.81 471.3 
471.30 13.36 471.4 
Globe 18329.39 16.44 18340.0 
6 18329.08 15.92 18339.4 
18332.16 14.55 18339.4 
18342.18 4.58 18339.9 
18342.56 Bes 18340.8 
18343.59 6.55 18341.1 
444.99 15.92 445.2 
444.34 15.60 444.6 
444.14 14.6 444.3 
444.87 3-57 444.8 
Globe 15872.24 16.27 15882.0 
7 15875.08 14.48 15881.1 
15882.91 3.51 15 881.3 
15883.51 6.53 15881.4 
498.09 14.6 498.3 
498.02 333 498.0 
Globe 16938.48 16.93 16950.4 
8 16950.96 3-43 16949.4 
16951.77 6.18 16949.5 
1695 1.66 6.60 16949.4 
432.51 3-39 432-0 
By another method. 432.4 
Globe 15551.02 16.91 15562.0 
9 15562.60 4.32 15562.8 
15562.11 3-47 15560.7 
15563.47 6.55 15561.4 
15563.39 6.55 15561.4 


479-44 3-31 479-4 
By another method. 479.6 
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The other method used to obtain the solid contents of some globes, consisted 
in determining the specific gravity of the glass of the globe from the part cut off 
in fusing on its stopeock, from which the solid contents of the globe minus the key 
of its stopcock could be computed; to which was added the solid contents of this 


key, 


“ 


Y.—COMPRESSION OF GLOBES WHEN EXHAUSTED. 


The volume of a hollow globe varies with the variations of pressure to which 
it is subjected. The amount of variation due to a given difference of pressure 
depends on the radius and on the mean thickness of the walls of the globe, and on 
the variations of the thickness on different parts of the surface. For the globes 
used in these experiments, the difference of volume due to the exhaustion of the 


globe was from one six-thousandth to one twenty-five-hundredth of the capacity. 





Fic. 4.—Apparatus for measuring compression of globes on exhaustion. 


This change of volume must be determined with accuracy. A convenient 
method was employed. A copper cylinder, 7 7, Fig. 4, had a cover m, which could 
be soldered to the cylinder and easily removed again. In this the globe a was 
placed ; sometimes it was nearly filled with water, sometimes it was held down by « 
sinker. The globe was connected by a thick rubber tube to the glass tube c leading to 


asyphon gauge and to an air-pump, and the cylinder was nearly filled with water. 
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The cover was then soldered in place, the cylinder was quite filled with water, and 
the rubber stopper 7 was inserted. To f were connected the tubes 7 and f.) On 
the tube / was a mark: g was graduated in tenths of cubie centimetres. To the 
upper end of 7 was attached some simple device for varying the pressure of the air 
in it. These tubes were filled with water to the level of the mark 2. The tube / 
is intended to act as a manometer showing the pressure on the water in the 
cylinder. 

Let us suppose, for a moment, the temperature of the water in the cylinder 
to be constant; if we alter the volume of the globe, but keep the pressure on 
the water constant by watching the manometer, and introducing or removing water, 
we shall have a measure of the change of volume of the globe. 

The manipulation is accordingly as follows: We bring the level of the water 
in the manometer tube / exactly to the mark, and note the reading on the graduated 
tube g. Then we exhaust the globe, and keep the pressure constant in the cylinder 
by introducing water into it from the graduated tube, which we read again. ‘The 
difference of the two readings is the change of volume of the globe, provided the 
temperature of the water is constant. If now air is admitted, and the alternate 
readings are repeated at nearly equal intervals, we can eliminate the effect of slow 
changes of temperature and determine the change of volume of the globe with 
accuracy. 

As to the convenience of the method it may be said that, when the globe was 
not filled with water, the whole operation of putting the globe in place, soldering 
the cover, making a sufficient number of determinations, and taking out the globe, 
could be finished in two hours. When the globe was filled with water, the intervals 
between readings were shorter, but the time required to fill the globe and to empty 
it again was considerable. Most of the determinations were made in this latter way ; 
three determinations were the work of nearly a whole day. The method, as will 
be seen from the following example, gave concordant results ; it also gave concor- 


dant results when applied to the same globe on different days. 


DETERMINATION OF THE COMPRESSION OF GLOBE NO. I. 


Time. Pressure. Burette. Differences. 
3 h. 48 m. 743 mm. 4.02 CC. 
unm Saas 20am oT ae 713 mm. 0.22 CC. 
Ba OS, 143) 3.96 © TUG oe ORO? Sure 
‘ ‘ “ 
A O4e 2 One 2.70 Fit aaa ne 22 
4 “ee Io oe 743 “ 3.88 “ 716 ae I.21 “ 
4 “ce 16 ae 28 a 2.63 oe ais “ee 1.22 oe 
“ “ce “ee oe 
Ay ai 743 3-82 


The compression of each globe due to a difference of internal pressures meas- 


ured by seventy-six centimetres of mereury is given in the following table : 
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COMPRESSION OF GLOBES DUE TO 76 CENTIMETRES DIFFERENCE OF PRESSURE. 


Globe. Compression. 
1 1330/CC, 
2 1.44 — 
3 6.28 “ 
4 6.00 “* 
5 BOY 
7 3-13 * 
8 3.89 °° 
9 2208s 


10.—CORRECTION FOR COMPRESSION OF GLOBES WHEN EXHAUSTED. 


The effect of the change of volume of a globe which is due to a change of 
internal pressure may be eliminated by suitable manipulation, or the amount of a 
correction to the weight of the globe may be computed from the amount of the 
change of volume, together with the density of the air at the time of weighing. 
There will doubtless be a difference of opinion as to which is the more convenient. 

In the case of one of my globes, the change of volume was about eight cubic 
centimetres. In order, therefore, not to produce an error of one tenth of a milli- 
gramme in the value of the correction, it would be necessary to observe the pressure 
and temperature of the air at each weighing. But, with the balance which I pro- 
cured for the present series of experiments, numerous weighings were required in 
order to determine a weight accurately enough, so that much labor would be 
involved in the observations and computations for the corrections. It was accord- 
ingly thought more convenient to make the needed correction a matter of manipula- 
tion consuming no time after the proper apparatus had been constructed. Each 
globe was therefore provided with a counterpoise equal in volume to the globe 
when exhausted. Then, for each globe, was made a pair of minute flasks whose 
volumes differed by the amount of the compression of the globe on exhaustion, 
and whose weights were exactly the same when they were weighed in a vacuum. 
For instance, the compression of globe No. 1, for the difference of pressure 
usual in my experiments, was 1.27 cubic centimetres. ‘Two flasks were made whose 
volumes were 2.080 and 0.810 cubie centimetres, and whose difference of weight 
when weighed in air was equal to the weight of 1.27 cubic centimetres of air at the 
time, taking account of the true values of the weights employed. 

Now, when the globe No. 1 was exhausted, it was weighed against its 
counterpoise, which had the same volume. When the globe was full of gas, the 
0.81 cubic centimetres were placed with it on the balance, and the 2.08 cubie centi- 
metres were likewise added to the counterpoise. The tue weights of the globe 
and counterpoise suffered equal additions, for the frve weights of the two additions 


were equal within a fiftieth of a milligramme. Therefore, the apparent difference 
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of weight between the globe and its counterpoise would be the érwe difference of 
weight as expressed by brass weights in air. 
The method was found so convenient that 1 was developed and improved for 


wider use. 


11.—AIR-PUMPS AND EXHAUSTION. 


The exhaustions of globes and other apparatus required in this series of 
experiments were mostly effected with a mercurial air-pump of the form devised by 
Toepler. The tube by which it discharged itself was shaped as shown in Fig. 5. 
The recipient @ could be itself exhausted with a piston pump 
when the discharge of the Toepler pump directly into the air 
began to be incomplete owing to the small volume to be 
discharged. The body of the pump had a capacity of 1.6 
litres; during this series of experiments, it would exhaust a 
volume of twenty litres to two millionths of an atmosphere. 
But such a completeness of exhaustion was avoided. Since 
the tension of the vapor of mercury at ordinary temperatures 
is, if my experiments are sufficiently trustworthy, not much 
more than one millionth of an atmosphere, it was hoped that 


we could avoid the diffusion of mereury vapor into the globe 





which is exhausted, by opposing to the diffusion a rapid 


eurrent of gas in the other direction. Now, if the tension of, ; : 
S Fic. 5.—Discharge tube of 


Toepler pump for obtain- 


the residual gas in the globe is, let us say, ten millionths of — . 
5 5 ” ing a better vacuum. 


an atmosphere, each stroke of the pump will draw a current 
of gas towards itself with considerable velocity. Unless, therefore, some 


vapor can pass from the pump to the globe during the up stroke of the pump, it 


will not reach it at all while the pump is in action, But if the tension of the 
residual air is made equal to that of the mercurial vapor in the pump, air will 
enter the pump by diffusion mainly, and then mercurial vapor will enter 
the globe. It was hoped that if the vacuum produced still contained gas at 
a tension ten or twenty times that of mercury vapor, its entrance into the globe 
would not take place while the pump was working; by making the connecting 
tube some two metres long, it was hoped that, even after the stopping the pump 
to measure the vacuum, not much mereury would diffuse into the globe. 

The exhaustion of globes, but not of other apparatus, was sometimes effected 
with a Geissler pump whose body has a capacity of 2.3 litres. When this is 
newly cleaned, it is possible to exhaust a volume of one litre to a ten-millionth of 


an atmosphere. 


18 DENSITIES OF OXYGEN AND HYDROGEN 


12.—-MEASUREMENT OF THE DEGREE OF EXHAUSTION EFFECTED. 

The perfection of the vacuum produced in each experiment was measured with 
the gauge devised by McLeod. The capacity of the bulb of that one which was 
set up with the Toepler pump was about 300 cubic centimetres. On the tube 
were three marks, such that one millimetre of difference of level in the two tubes 
showed a vacuum of one millionth or five millionths of an atmosphere, or one 
measured by the two-hundreth of a millimetre of mercury in a syphon gauge. 

The gauge used with the Geissler pump had a bulb whose capacity was 436 
cubic centimetres. On the tube were six marks; the upper, third, and fifth indi- 
cate vacua of the ten-millionth, the millionth, or the hundred-thousandth of an 
atmosphere, by a difference of level of one millimetre; the second, fourth, and 
lower marks indicate in the same way, vacua expressed by one ten-thousandth, one 
thousandth, or one hundredth of a millimetre of mercury in a syphon gauge. 

The tubes of the gauge belonging to the Toepler pump were of such size, and 
kept so clean, that difference of capillary action did not much interfere with the 
accuracy of its indications. This was often tested by exhausting the gauge to a ten- 
millionth of an atmosphere, when any irregularity in the level of the mereury in 
the part of the tube where the readings were commonly made could be detected. 
The error found has never been important in comparison with the quantities to be 


measured. 





15.—MANIPULATION OF GLOBE WHILE FILLING WITH OXYGEN, 


In the present series of experiments, an elaborate apparatus was used to 
measure the amount of impurity in the oxygen. The method required that while a 
globe was filling with oxygen or hydrogen to be weighed, a second globe should 
also be filled with a quantity of the gas absolutely identical in quality for sub- 
sequent analysis, and that this sample should be absolutely safe from leakage. 
Now, when measurements were made in this way of the amount of impurity in the 
oxygen used for weighing, it was found to be negligible. But some experiments 
which proved this in another way are easier to describe, and are conclusive ; so that 
perhaps it is not worth while to detail more at length the apparatus really used at 
the time the present series of determinations were made. I therefore describe only 
the manipulation required in filling the globe. 

The globe a, Fig. 6, which had been previously exhausted, was placed in the 
case mm, iv Which 7/7 is a non-conducting envelope, and /d is a mass of water con- 
tained in a vessel consisting of two concentric cylinders of iron, At @¢@ is a stopper 
for the mouth of the inner iron cylinder ; it consists of a cylinder filled with water. 


In this stopper are three tubulatures for the two thermometers and for the tube 
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which is connected to the globe. The ground joint of the globe was placed in 7, 
and made tight with melted wax or paraffin. The globe, tube, and stopper were 
put in place, and the tube 0 was connected by fusion to the tube gy / leading 


to the air-pump, the mano-barometer, and the generator of oxygen. The stop. 


A 














Fic. 6.—Calorimeter case for measuring temperature of oxygen, 


cock c being open, the whole connected apparatus was exhausted, and the 
degree of exhaustion measured. The stopcock of the globe, 6, could now be 
opened, and the degree of its exhaustion verified, if required, as, for instance, if the 
globe had just been weighed while exhausted, and it was desired to know if 
leakage had occurred. The globe was then closed during the further preparation 


of the apparatus for producing pure oxygen. 





14.— PREPARATION OF OXYGEN. 


In all the experiments of this series, oxygen was obtained from potassium 
chlorate. A tube of infusible glass, a a, Fig. 7, was filled with the required quan- 


tity of the salt, the end ad was drawn out and fused to a ground joint made of the 
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same glass. This was then cemented with wax to the joint d, made of soft glass, 
which was in turn fused to the rest of the apparatus. 

It may be said that not a single connection of rubber was used, in any of my 
experiments, in contact with the gas on which I was working. It is of course true 
that with rubber joints the leakage may be so small as to be estimated and allowed 
for. But it was desirable to have no leakage at all, or, rather, to have no more than 
that which is inevitable between glass and mercury; and the manipulation which 


dispenses with rubber joints is by no means troublesome. 





Fic. 7.—Apparatus for preparing oxygen; ¢ / g shows in plan the tubes seen in elevation to the right of c. 


At cis a gauge and overflow tube dipping in mercury. The oxygen coming 
from d, in some experiments, passed through a tube containing finely divided silver 
heated to redness, in order to absorb chlorine. When this was used it was con- 
nected to the tube @ by fusion, and the joint d was at the end of the tube 
containing silver. The gas next passed through a tube 1 metre long, and 2.5 
centimetres in diameter, which was filled with glass beads moistened with a strong 
solution of potassium hydroxide ; then through a similar tube with sulphuric acid. 
At this point was placed a stopcock, whose office was to keep the pressure of the 
oxygen filling the part of the apparatus so far described at about the pressure of the 
atmosphere, so as to allow sufticient time for the action of the reagents. The tubes 
lay horizontally, so that the reagents might be advantageously distributed. After 
the stopcock, the gas passed through a tube of the same dimensions, filled with 
phosphorus pentoxide between layers of glass wool. From this, it was led to the 
apparatus which was to be filled with it. 

In preparing oxygen, the apparatus was exhausted, and the degree of ex- 
haustion measured ; it was commonly the thirty-thousandth or fifty-thousandth of an 
atmosphere. Then the stopeock / was shut, and the chlorate was heated till it was 
thought safe to assume that any organic matter present had been oxidized. The 
chlorate was then cooled, the stopcock 2 was opened, and the apparatus was again 
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exhausted. Then the stopcock 4 was again closed, the tube containing the chlorate 
was heated till the pressure of the oxygen in it was nearly that of the atmosphere. 
The stopcock 2 was then opened so as to permit a slow passage of oxygen into the 


globe, the rate being determined according to the indication of the gauge e¢. 


15.——PURITY OF THE OXYGEN PREPARED FROM POTASSIUM CHLORATE, 


Oxygen prepared from chlorate might contain chlorine ; it might contain 
nitrogen which had not been removed from the apparatus, or which entered it 
during the experiment; or carbon dioxide produced by the combustion of organic 
matter; or finely divided chlorate or chloride; or the vapor of water. 

The vapor of water can be so completely removed that the remainder is 
negligible. If the current is properly related to the dimensions of the drying tube, 
sulphuric acid does not leave more than one milligramme in four hundred litres of 
the gas.* The drying power of phosphorus pentoxide is yet greater, so that the 
amount of water vapor left unabsorbed is perhaps not more than one hundredth part 
as much as in the case of sulphuric acid.+ If, as seems to be proved, a current of 
three litres an hour is dried completely by a drying tube whose capacity 1s twenty- 
five cubic centimetres, it may be safely assumed that a current at five times this 
rate will be dried by a tube five times as large. 

Cooke has observed that the desiccating power of phosphoric anhydride may 
be lessened by the formation of a sort of glaze over the surface. The difficulty will 
be overcome if the gas to be dried does not simply pass over the pentoxide, but 
passes through a long column of it. If the pentoxide be so filled into the drying 
tube thata channel can form, the difficulty would no doubt exist. But if the pent- 
oxide is alternated with plugs or diaphragms of glass wool, between which it fills 
the tube completely, the difficulty is removed. The initial deliquescence which 
forms the glaze is long limited to the compartment first reached by the gas to be 
dried; then at each diaphragm the current of gas spreads itself throughout the 
whole area of the tube, and if the tube be properly filled, it also spreads itself 
throughout the whole area of the part filled with pentoxide except in the first com- 
partment. But if no plugs of glass wool are interposed, the channel which has 
formed in this compartment gradually extends throughout the tube, and the gas is 
no longer properly exposed to the action of the anhydride. 

Nitrogen was sought for by eudiometric analysis, as well as in other ways. 
The maximum amount found was one twelve-thousandth, the minimum was about 
five millionths; the mean was one thirty-thousandth. Since the densities of 


* American F ournal of Science, 3°, 149. + American Fournal of Science, 34, 199. 


ew be vr.” - 
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oxygen and nitrogen differ but by an eighth part, even the maximum found was 
negligible in its effect on the density of oxygen. 

In some experiments, about half of the oxygen contained in a globe was com- 
bined with hydrogen, and chlorine sought in the water thus produced. Sometimes 
it could not be detected; it never amounted to the twentieth of a milligramme. It 
was in the same experiments that the presence of nitrogen was investigated; after 
twenty litres of oxygen had been combined with hydrogen, the residue was analyzed, 
and the amount of nitrogen measured, with the result given above. 

If the absorption of chlorine was so complete, it may be hoped that the ab- 
sorption of carbon dioxide was also complete. The experiments to detect chlorine 
also served to detect carbon dioxide, and the amount found was negligible. 

Whether any vapor of mercury interfered with the trustworthiness of the 
determinations cannot be affirmed ; the evidence is too indirect. But the evidence 
is perhaps sufficient that the error, if any, is negligible. If the density of oxygen 
is in error for this cause, the error in the determination of the density of hydrogen 
by the same method, in the same conditions, would be some sixteen times as much, 
But I have succeeded in determining the density of hydrogen, not only in exactly 
the way used for oxygen, but also in a way in which the error from the presence 
of vapor of mercury is entirely avoided ; and this error is found to be not above 
some such quantity as one thousandth of the density of hydrogen; therefore in 
the case of oxygen it is not likely to be more than the ten or twenty-thousandth 
part. 

16.—MEASUREMENTS OF TEMPERATURE AND PRESSURE. 

The temperature of the gas in the globe @ Fig. 6, while resting in the case 
mm, Was observed by means of two thermometers made of Jena normal glass and 
divided into fiftieths. Their bulbs were diametrically opposite, one near the top 
and the other near the bottom of the globe. 

The pressure of the gas in @ was measured with the mano-barometer shown in 
Fig. 8. The tubes @ and } together constitute a syphon barometer; ¢ is the tube 
which was used to measure the pressure of the oxygen in this set of experiments ; 
a fourth being used for the experiments on hydrogen which were made at the same 
time. The tubes all stood in a box containing water, two of the faces of which 
were made of selected plate glass. In front of each tube and in contact with it was 
a glass scale graduated into millimetres. The lines of the seale are about three 
thousandths of a millimetre in width, so that the uncertainty in setting a division 
of the eye-piece micrometer for coincidence is negligible. The three scales were of 
the same kind of glass, graduated at the same time, and agreed well with each other, 


They were adjusted so that their three zeros were on the same level, as shown by 





a 
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comparison with the level of the mercury in the tubes behind them when all were 
open to theatmosphere. The tubes were of nineteen millimetres in internal diame- 
ter, so that differences of capillary depression could not be great, but the scales 


were adjusted so as to eliminate any difference which nay have existed, 



































Fic. 8.—Barometer and reading microscopes. 


These four tubes all stood in a cast-iron box filled with mercury ; connected 
to this was an iron cylinder open to the airand filled with mercury so that the mer- 
cury in the tubes stood a few centimetres above the bottom of the casing full of 
water which surrounded them. 

Before the mano-barometer stood an iron column carrying the reading micro- 
scopes. As is well known, a cathetometer with a scale somewhat removed from 


the length to be measured cannot be trusted like one in which the scale is near this 


- - wy oe 
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length; my scale and the length to be measured were as near as they could be on 
any plan except that lately used by Lord Rayleigh, in which the scale was i the 
barometer. Further, the adjustment of the level of the telescope of a cathetometer 
of the first mentioned type demands care and time ; but when the scale and barome- 
ter are in contact, the error due to lack of horizontality in the line of collimation 
of the telescope is lessened in the same ratio as that in which the distance of the 
scale from the object measured is lessened, To reach a given degree of precision 
requires much less care in adjustment and time is saved. 

[It is obvious that if a case containing water is used so as to make certain of 
the temperature of the column of mercury and of the scale, it is necessary to place 
the barometer and its scale in contact to avoid errors due to refraction at curved 
parts of the plates of glass enclosing the water. 

To the column / ean be clamped two pieces e and f, which carry two slides 
moving vertically by means of the screws g and /. To these slides are fixed ways 
on which the microscopes &, /, move horizontally by means of a rack and pinion. 

The method of observation was as follows: The microscopes were made to 
give distinct vision of the scales, and were then adjusted vertically till the terminal 
divisions of the eye-piece micrometers coincided with certain divisions of the scale. 
The microscopes were then moved by the focussing movement so as to give dis- 
tinct vision of the meniscus of the mercury in the two tubes. The divisions of the 
eye-piece micrometer were then virtually the divisions of the long scale carried for- 
ward into the centre of the tube. The divisions of the micrometer corresponded 
to twentieths of a millimetre; by proper manipulation of the illamination, it was 
not difficult to read the level of the mereury with a mean error Jess than one hun- 
dredth of a millimetre, which is of course much more than the precision attained in 
other parts of the manipulation. 

It will be seen that in this method of observation it is assumed that the two 
slides on which the two microscopes move horizontally, are not horizontal, but 
parallel ; ov, rather, that the deviation from parallelism is negligible in the distance 
between the scale and the axis of the barometric tube. The accuracy of this as- 
sumption is easily tested by exchanging the positions of the microscopes, or by 
setting a scale perpendicularly before the microscopes, adjusting the micrometers 
to coincide with certain divisions of the scale, and then moving the scale farther 
from the column, and seeing whether the divisions of the micrometer are again at 
the same distance apart. In this way, it was found safe to trust the mechanism of 
my reading microscopes to the hundredth of a millimetre. 

The mercury used in filling the tube of this barometer was purified by treat- 


ment with nitric acid, and subsequent distillation in a vacuum; and these opera- 
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tions were repeated several times, the distillation each time being made from a clean 
apparatus. The tube was filled by boiling under reduced pressure, and the ebulli- 
tion after each addition of mercury was maintained for twenty or thirty minutes. 
The perfection of the vacuum was examined in the usual way by varying the vol- 
ume of the space left vacuous above the mercury, and measuring the correspond- 
ing barometric height. It was proved that the residual air or vapor in the vacuum 
had a tension less than the hundredth of a millimetre, which had not increased 
measurably at the close of the experiments to be described in this paper. 

Since the globe @, Fig. 6, was not maintained at constant temperature, the pres- 
sure of the gas was not constant. It was therefore impossible to make several 
readings of pressure and temperature and take their mean. Pressure and tempera- 
ture were therefore read simultaneously at intervals till it was thought that they 
had attained a regular march; then they were read finally, and the stopcock ¢ was 
closed. This pair of readings was adopted in the reduction. ‘The cover e € was 
then raised till the stopcock 6 of the globe could be closed. Any slight change of 
temperature could do no harm for the stopcock ¢ had been closed at the time of the 
final readings of temperature and pressure. The globe was now separated from 
the ground joint , when it was ready for weighing. 

The determination of temperature depended on a thermometer numbered 2053. 
It is of Jena normal glass, and is divided into fiftieths of a degree. Its principal 
scale is from 12° to 26°; but it has also short scales from — 0.3° to + 0.3°, from 
49.5° to 50.5°, and from 97.5° to 100.5°. 

This thermometer I have twice calibrated. The fundamental interval was 
obtained by the following observations : 


Time, Barometer, Water Thermometer Water 
reduced to o°. pressure. 2053. pressure. 
h. m. 
IO 30 737.64 mm. 2.8 mm. 98.880° 2.8 mm. 
10 33 51 mm. 3.5 mm. 880° 4.0 mm. 
IO 35 .70 mm, 3.0 mm. .882° 3.6 mm. 
10 37 .7o mm. 3.6 mm. 883° 4.0 mm. 
10 38 .7o mm. 4.4 mm. 884° 5-4 mm. 
10 40 -77 mm. 2.4 mm. 878° 1.7 mm. 
IO 42 .76 mm. 2.8 mm. soHiain 2.7 mm. 
10 43 .84 mm. 2.6 mm. SOTA 2.6 mm. 


At 10.44, the thermometer was nearly at the temperature of melting ice, and 


the following observations were obtained : 


Time. Thermometer 2053. 
h. m. 

IO 45 = O12 02. 

10 45 30 «300 

10 46 .300 

10 46 30 298 

10 47 -294 

10 48 .292 


10 49 .292 
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Hence we have 


Mean, barometric=pressire ya. ton ee cs resides «elem sie sine 737-70 mm. 
Water pressure in boiling-point apparatus reduced to equiva- 

lent: columniof meron yen cin 3 tenclaate siete aa es .23 mm. 
Pressure of steam in boiling-point apparatus......... ..... 737-93 mm. 
Pressure reduced to sea level in latitude 45°.... .......... 737-67 mm. 
Boiling point’ correspond in gine... osideeist o eete ie 99-170° 
Mean reading of maximum depressed zero...............- — 0.300° 
Correction’ for internal presSune: ac... % sc selass « siesals:aisivis.clt + .014° 
Correction for inequalities’of bores. -=...6.-- semen ss — .co3° 
Corrected reading for freezing point...............-. we. = 0.289° 
Mean reading for’ boiling-pointc. <7. ol aa sos ei 98.880" 
Correction for internal pressure acs eyes sow eee were +  .098° 
Correction:for inequalities OF bores <<. cei ci = ee wien — .002° 
Corrected reading for boiling-point............-.....0.45 98.976° 
Observed interval Porecesstens thre cian stor Se lavaeacr ay aetereiiaererareas 99.265" 
Ties Intenvale cutee mck =, <eee tai aia ee ea 99-170" 
Correction to observedintervals.% 2). a. tates wig noc stele Perainisions — .095° 


The following table shows the corrections found for a reading between 
12° and 26°. 


Degree. Calibration. Interval. Compression. Total. 
12° + .042° — .o11° + .017° + .048° 
13 + .035 —'_ O12 + .o21 + .044 
14 + .029 OLS + .026 + .042 
15 + .021 — {014 + .030 + .037 
16 + .o13 nO Ny + .035 + .033 
17 + .006 — .o16 + .039 -++ .029 
18 — 00% — .o17 + .044 + .026 
19 — .004 — .o18 + .048 + .026 
20 — .008 — O19 + .053 + .026 
21 — .Orl — .020 + .057 + .026 
22 — 013 —) 1021 + .062 + .028 
23 — ,016 — .022 + .066 + .028 
24 OLE — .023 + .o71 + .027 
25 O24) — O24 + .075 + .027 
26 — 027, — /.025 + .o80 + .028 


With this thermometer were compared two thermometers of Jena normal glass 
numbered 826 and 1353, each having a scale in fiftieths of a degree enclosed in its 
tube. This pair was used for the actual determination of the temperature of the 
oxygen; their indications are given, as well as the indications of the hydrogen air 
thermometer computed from them. 

During the present series of determinations, the cistern of my barometer was 
3.9 metres higher than the centre of the globe while it was filling with oxygen. 
The temperature of the tube connecting them was assumed to be the same as the 
temperature of the room. The indications of the mano-barometer, reduced for the 
expansion of the mercury and of the scale, were therefore still further corrected by 
adding the term 8.9°;,?. 9, Where D is the weight of a litre of oxygen at the 
temperature of the room and at the pressure shown in that experiment. 
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The elevation of the cistern of my barometer above mean tide level at New 
York was during these experiments 216.1 metres, and the latitude of my laboratory 
is 41° 30°15". The force of gravity there, computed by the formula 

G = G,, (1 — .00259 cos 21.) (1 — .oooo00rg6 H), is 
G = .9996423G,, 

By the formula of Helmert, which is used in recent publications of the 

United States Coast and Geodetic survey, 
c= 980.5934 — 2.5967 cos 2L (with the same correction for altitude), we get 
G = 980.235. 

The Coast and Geodetic survey has made my laboratory one of their stations 
for determining the force of gravity, and its superintendent has furnished me with 
the result 


G = 1.000132 G (Washington). 
The value which has been provisionally adopted for Washington is 
G (Washington) = 980.008. 


Hence 
G = 980.227. 
Dividing this value by the constant term of the formula of Helmert, we have 
G 
~~ = .999627. 
G,, 
All the observations contained in this paper have been reduced to the values 


which would be obtained at the sea level in latitude 45° by dividing by the factor 
.999627. 
Further, the value of gravity at my laboratory, according to the same 
determination, is 
G = .999311 G (Paris Observatory). 
In order, therefore, to reduce the values which will be given in this paper to 


the values which would be obtained at Paris, we must multiply them by 


9996 
9993 


24 
od > 
7 = 1.000316. 


The scale of my mano-barometer is of glass ; its coefticient of expansion has 
not been determined, But the length of the bar at ordinary temperature has been 
determined by comparison with a bar whose coefficient of expansion is regarded 
as well known. This is one of two bars made by the Société Génevoise, which 
have been obtained at different times by the Case School of Applied Science, at 
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Cleveland. Since the bars, taken with the correction certified by the Société 
Génevoise, give the same value for the metre within the limits of the precision of 
the observations, the length of my bar is perhaps well enough known. At 20.9°, 
by observations with two thermometers on each bar, in a room whose temperature 
varied half a degree during the six hours of the observations, my bar was found to 
be 1.000114 metres in length. If we assume for my bar the coefficient of expan- 
sion of glass used in computing the table for reducing the height of the barometer 
given in the compilation of Landolt and Boernstein, and with this compute the 
length at 0°, the value obtained will be uncertain to some extent, but it will repro- 
duce the true value at 20.9°, and will enable us to use these tables for the necessary 
reductions. We then have 


Length of imyibar atzo'gs cc. ns heer nee soe ie 1.000114 
Expansion for 20,9°, = 20.9 X .0000085.............- .000178 
Lenoth of bar ations... crotarcin che tou eters omens ie eee -999936 


The errors of the graduation were found to be insignificant for our purpose. 
The observations were therefore reduced by multiplying the observed pressure by 
the factor 

999936." 
17.—THE BALANCE USED IN THE FIRST SERIES OF EXPERIMENTS. 


The balance used in the present series of experiments was made by Becker of 
Rotterdam, and will carry 1200 grammes in each pan. It was procured for this 
investigation, and has been used for nothing else. During these experiments, it 
was mounted on a case of non-conducting materials, thirteen centimetres thick, with 
doors of the same thickness. It was placed in a small room containing no source 
of heat, but surrounded on all sides with rooms kept as nearly at constant tempera- 
ture as is usual in large buildings. 

Much difficulty was experienced at first in determining the difference of weight 
between the globe and its counterpoise with sufficient accuracy and within a 
reasonable time. This difficulty is mostly due to currents of air affecting unequally 
the two globes, or, possibly, the two pans of the balance. The balance itself was 
enclosed in a case which had doors for manipulating the weights, and had also 
two openings in front, each some three centimetres in diameter. The lower of 


these contained a lens by which light could be condensed on the scale over which 


* Since this paper was written, Professor Dayton C. Miller has had these two metres com- 
pared by the United States Coast and Geodetic Survey with the national prototype metre, which is 
in its custody ; with the result that they are a thirty-thousandth part too short. It is too late to 
correct the reduction of each observation on density which is mentioned in this paper, but the 
means of each series, and the final values, have been corrected by increasing each by a thirty- 
thousandth part, 
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the pointer of the balance moves, Through the other, the observer could watch 
the vibrations of the balance with very little possibility of disturbance of its indi- 
cations by his presence. The arrangement is shown in Figure 9, which is in part a 
section from the front to the rear of the balance through its centre. With this 
arrangement, it became certain that most disturbances were due to causes affecting 
the globes. 

The inside of the case, seen in Fig. 10, was, therefore, lined with sheet metal, so 
as to lessen the entrance of air currents through the joints of the woodwork. 
But the opening for an instant of the room in 
which the balance stood, so as to admit warmer 
or colder air, would in a few minutes disturb the 
indications of the balance, not of course by chan- 
ging the temperature within the case, but by pro- 
dueing currents of air in the room which pene- 
trated the case and affected the globes unequally. 
Then the remaining joints in the woodwork around 
the doors were closed during a weighing by past- 


ing paper over them; this lessened the disturb- 

















ances, but not sufficiently. A metal box was then 


made, seen in Fig. 10, which had a cover with two 





openings for the suspension of the globes, but had 


Fic. 9.—Balance surrounded with non- 


no opening except at the top. The globes being Sidhe eeeecites ination ol 
put in this box, it was covered, and placed in scale and pointer. 

the non-conducting case mentioned before, and the globes were hung on the balance. 
Since the only openings of this box were at the same level, and were small and 
symmetrically placed, it was hoped that the entrance into it of the air currents due 
to the motion of the air in the room would be mostly prevented, so that there 
would remain only the disturbing influence of the convection currents produced 
within the box itself by differences of temperature. This hope seemed to be justi- 
fied, for weighings of the globes placed within the box had a mean error not larger 
than in the case of objects of the same mass, but far less bulk. The box contained 


‘aleium chloride for drying somewhat the air which surrounded the globes. It was 


not till the art of quickly weighing a globe had been learned by some months of 
trial that experiments on oxygen or hydrogen were made. 


The globe containing the gas to be weighed was always suspended, in this 


series of experiments, from the left pan of the balance, and the weights required to 
produce equilibrium were also placed on the same pan. After an hour, three sue- 


cessive excursions were noted, the balance was arrested, and the observation 
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repeated a few times. Riders were not used. The globe remained on the balance 
at least twenty-four hours, and the observations were repeated at intervals. The 
position of equilibrium of the unloaded balance and the value of a scale division 


were observed sufficiently often. 
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Fic. 10.—Balance, case, and metal box : for accurate weighing of globe. 


The exhaustion of the globes for the purpose of determining the tare, hardly 
needs mention. The weight of the gas remaining in the globe was always com- 
puted from the indications of the McLeod gauge. All weights were corrected for 


the weight of the air displaced by them. 
18.—VERIFICATION OF THE WEIGHTS EMPLOYED. 


The weights employed were, first, a brass kilogramme and its subdivisions to 
one milligramme, and, secondly, a platinum gramme and its subdivisions to one 
tenth of a milligramme, The relation of these to each other has been determined 
on three occasions, The chief object of determining the relation between the small 
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weights and the kilogramme is of course to make the unit of weight and the unit 
of volume concordant. The true value of the weights is a matter of indifference. 
The values of all the weights of the two sets, assuming the kilogramme as the 
standard of reference, are given below. 
weights at the two cates at which they were compared, as it may be of interest. to 


know the amount of the change to which lacquered brass weights are liable, even 


when used but little and with extreme care. 


VALUES OF WEIGHTS OF SET MARKED K IN 1887 AND IN 1892. 


1000 
499 
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99 
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VALUES OF THE FRACTIONS OF 


Set kK. 

1887 1892 
500.02 mg. 500.01 mg, 
199.96 199.96 © 
100.00 “ 100,02 
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99-94 “ 99-94 
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49.97 49.90 
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The following table gives the results obtained by this method, together with 


000.0C ae: 


999.95 
000.07 
999.62 
999-34 
999-97 
999-97 
999.62 
999.99 
999.97 
999-79 
999.91 


I000 co00.00 mg 


499 999.83 
199 999.88 
99 999-55 
99 999-51 
50 000.36 
19 99y.96 
9 999.92 
4 999.94 

1 999.99 

T 999.98 
999.94 


THE GRAMME IN SETS MARKED K AND B. 


Set B. 


1887 

1000.04 mg. 

500.02 “ 
200.01 
100.01 
100,05 
50.01 
19-95 
9.98 
10.0 
5.06 
1.97 
1.97 
99 


19.—RESULTS AND REDUCTION. 


1892 


The table shows the values of the brass 


1000.05 mg. 


500.02 
200.04 
100 oO 
100.06 
50.02 
19.97 
9.98 
10,02 
5:5 
1.96 
1.96 


1.00 


the values of the density of oxygen computed by the formula 
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26 RES GE as ose & 3m 26% ASE 
8797.8 15.78 15.71 734-21 mm. .37mm. 734.58mm. 11.4805 1.42864 
8798.4 17.89 17.81“ 752.97 “ 25 — Ting 26) 11.6882 1.42849 
8836.7 1858° 18.49% 757.92 “ 20. = eS 11.7879 1.42838 
21569.6 19.54 19.45 770.22 ey a0". 770.61 “ 29.1560 1.42900 
21569.3 19.03, 18.94 774.74 39 775-13 | 29.3794 1.42907 
21569.3 19.02" 18.93 = 747.26 F 38 747-64 se 28.3346 1.42887 
7 21569.4 19.17 19.08 744.00 =30° 2 744.38 28.1935 1.42871 


753.28). 28.6958 1.42872 


8 21568.4 17.47 17-39. 752.90 ‘ 38 
28.4308 1.42883 


17.40" 745.91 * 3 746.29 


If we increase the mean by one thirty-thousandth,* we get 


D = 1.42879 gr. + 0.000084. 


20,—SECOND METHOD OF DETERMINING DENSITY. 

In the second series of determinations of the weight of one litre of oxygen, the 
barometer and thermometer were not used to measure the temperature and pressure 
of the gas at each observation. A globe like those used for the weighings was con- 
nected to a delicate differential manometer and filled with pure dry hydrogen. It 
was surrounded with melting ice, the open branch of the differential manometer was 
connected to the syphon barometer mentioned before, and the pressure required 
to bring the differential manometer to equilibrium was elaborately determined. 

When afterwards a globe was filled with oxygen, it was connected with the 
open branch of the differential manometer, the temperature of the two globes was 
made the same, and the pressure of the oxygen was made such as to produce 
equilibrium in the manometer. It is obvious, assuming for a moment that oxygen 
and hydrogen have the same coefficient of expansion, that if the gases in the two 
globes had the same pressure at some unknown but uniform temperature, they would 
also have the same pressure at the temperature of melting ice, which pressure has 
been determined for the hydrogen. For the actual difference in the coefficients 
of expansion we can make a numerical correction. 

One advantage of the method is that we may observe the equilibrium of pres- 
sure and temperature as long as we please, whereas, when we measure pressure and 
temperature, we are limited to the reading at the instant of closing the globe. 
This advantage can also be obtained by surrounding the globe with melting ice. 
A second advantage is that the globe in which the gas was weighed by this method 
was kept untouched, contained in a desiccator and surrounded by dry air, during 
the two determinations of the weight of the globe empty and of the globe filled 
with oxygen. 

* See note, page 28, 
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91.—OXYGEN BY SECOND METHOD. STANDARD OF PRESSURE AND TEMPERATURE. 


The globe a, Fig. 11, whose capacity was about sixteen litres, contained the 


5 


hydrogen which was used to reduce to the standard temperature and pressure the 








Fic. 11.—Globe containing hydrogen for a standard of comparison. 


oxygen which was to be weighed. It was supported in the copper cylinder 4 4, 
having a water-tight cover provided with a tube ¢. This globe was connected by 
a somewhat flexible glass tube @ to a differential manometer, of which part is 
shown in more detail in Fig. 11a. The tubes, of 24 millimetres internal diame- 
ter, contain platinum points which are in nearly the same horizontal plane. It is not 
necessary that they be at exactly the same level, but it is important that they pre- 
serve an invariable relation to each other. The gauge was therefore firmly secured 
by brass brackets, a, Fig. 12, to a brass tube which was solidly attached to a brick 
wall. The tube and the gauge touched nothing else during the whole series of 
experiments, except that they were partly immersed in water. The branches of the 
manometer were some eighty-five centimetres long; a tube 6 was fused into the 
bend and provided with a stopcock ¢, by which the volume of the mercury in the 
manometer could be regulated. At d, Fig. 11, was a tube leading to the Toepler 


pump and to a supply of pure dry hydrogen. When the globe had been exhausted 





poenedes—? 





Fic. 12.— Mounting of dif- 
ferential manometer to main- 
tain its position undisturbed. 
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to a pressure of a few millionths of an atmosphere, hy- 
drogen was admitted to about the atmospheric pressure, 
and this connecting tube was fused off, so that the hydro- 
gen was now of unalterable mass. The cylinder con- 
taining the globe was then deeply covered with melting ice, 
from which the tube carrying the manometer was protected, so 
that it should not be disturbed. The manometer was also 
covered with powdered ice, and examined through an opening. 
The open branch of the manometer was connected to the 
syphon barometer and also to a contrivance for micrometri- 
cally regulating the pressure of the air in this connecting tube, 
seen at ¢, Fig. 11. The two levels of the mercury in the syphon 
barometer were in the same vertical, and were surrounded with 
water kept well stirred by a current of air ; temperature was 
determined with the thermometer numbered 2053. 

While the differential manometer was covered with ice, 
it was not easy to adjust the volume of mercury in it so that 
the two surfaces should be tangent to the two platinum points 
at once. Accordingly, two pressures were alternately meas- 
ured which should bring the surface 4 to the right-hand point, 
and then the surface ¢ to the corresponding point. The mean 
would be the pressure which would make both surfaces tan- 
gent to the two points at the same time, provided the volume 
of mereury were properly adjusted. 

The following determinations of the pressure required to 
produce equilibrium of the gauge were made ; all the readings 
are corrected for expansion of the mercury and of the 
scale of the barometer, but not for error in the length of the 


scale. 


PRESSURE OF HYDROGEN FOK COMPARISON WITH PRESSURE OF OXYGEN, 


DETERMINATION 
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During the determination of the pressure of the gas in the globe a, Fig. 11, 
the cylinder containing it stood at the centre of the tank ff, so that a sufficient 
thickness of ice could be placed on every side of the globe. But for the subsequent 
use of the apparatus this globe had to be near the side of the tank. ‘The cylinder 
bb was therefore held free from the tank while the latter was moved into its 
new position, when the globe full of hydrogen was again supported by resting the 
containing cylinder on the bottom of the tank. The differential manometer was not 
disturbed. 


22.—OXYGEN BY SECOND METHOD. DESICCATORS FOR HOLDING GLOBES. 


The globes used for weighing oxygen in this series of determinations were 
kept, during the whole course of an experiment, in desiccators, one of which is 
shown in Fig. 18. A copper vessel 
has a flange and cover at @, and a glass 
plate secured to a flange at 0. At the 
centre of this plate is a fitting into 
which may be screwed a socket carry- 
ing the glass tube ¢. The whole is 
water-tight. 

The counterpoise 7 simply rests 
on a pan é except when the cover 1s 
removed and the counterpoise sus- 
pended to the balance. The globe f, 


however, must be firmly held in order 
? “ 




















































































































































































































































































































































































































































































































that the key of its stopcock may 


be manipulated. It is accordingly 


Vic. 13.—Desiccator for containing and manipulating globes 
grasped by the clamp shown in Fig. during filling, weighing, and exhaustion. 


14. The jaws @ a are moved in opposite directions by the right-hand and left- 
hand screws on the shaft 2. A key which turns this shaft can be removed and 
the opening stopped with a cork. When the globe is held 
by this clamp, a handle g, Fig. 13, can be pushed forward 
so as to turn the key of the stopcock. When this handle 


is withdrawn and the globe is suspended from the balance, 





the jaws are made to release the globe which then hangs 
eee Girne ier heldine perfectly free. The glass tube ¢, Fig. 18, 1s removed during 
globe while in the desiccator. the weighing. 

When it is desired to exhaust a globe in its desiccator, it is secured by the 


clamp, a ground joint is fitted in place, as in Fig. 6, and the desiccator is set near 
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the Toepler air pump. Connection is made by fusion, as in the previous series of 
experiments. The stopcock is opened by the handle g, Fig. 13, and when the 
exhaustion has been completed, the stopcock is closed in the same way, the handle 
is withdrawn, the ground joint is removed, and the desiccator is put in place under 
the balance. The counterpoise is hung on one pan of the balance and the globe 


on the other and then released from the clamp, when it is ready to be weighed. 


23.—-OXYGEN BY SECOND METHOD, DRYING THE AIR IN THE DESICCATORS. 


It would be difficult to keep dry the air in desiccators as large as these, 
especially when open to the air during the weighings, unless the air is dried in 
some other apparatus and introduced into them. A current of dry air was accord- 
ingly brought into the desiccator through a tube for the purpose, 4, Fig. 13, which 
delivered it at the bottom of the desiccator in a fanlike horizontal current. The air 
was forced by a hydraulic blower through two carboys containing pure sulphuric 
acid. While the globe was at the balance, this current passed through the axis of 
the mechanism for weighing the globes by reversal, which was used in the second 
series of determinations, and is described at page 42. The current was stopped 
a few minutes before each weighing, but suffered little other interruption. When 
the globes were filling or exhausting, one opening of the desiccator was closed and 
the other was loosely stopped with cotton-wool ; an occasional introduction of dry 
air was then thought sufficient. 


24.—OXYGEN BY SECOND METHOD. FILLING GLOBES WITH OXYGEN, 


When it was desired to fill a globe with oxygen, the desiccator containing it 
had the cover a, Fig. 13, put in place. The ground joint of the globe was cemented 
into its corresponding piece, and to the latter was fused a tube long enough to pro- 
ject above the tube c, Fig. 15, which was then screwed into position. The desic- 
cator was then placed in the tank a a, near the globe of hydrogen and the differential 
manometer. The tube 4 was then fused to the tubes leading to the air pump, the 
manometer, and the apparatus for producing oxygen. The filling with oxygen was 
conducted in all respects as in the first series of determinations, the only difference 
being that the key of the stopcock of the globe could not be reached by the hand 
but by the handle g, Fig. 13. 

While the globe was filling, beams dd, Fig. 15, were secured in position to 
hold down the desiccator containing the globe and also the cylinder containing the 
globe serving as a standard of pressure and temperature. The tank was then filled 


with water, which was well stirred by a current of air. When the pressure of the 
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oxygen in the globe in the desiccator was very nearly the same as that of the 
hydrogen in the standard globe, the tube e was fused off. The pressure of the 
oxygen was then reduced by drawing off mereury from the stopcock g, till equilib- 
rium was produced at the differential manometer. The water was well stirred, and 
the equilibrium was maintained for a sufficient time, sometimes for four hours, 
commonly for one hour. When the equilibrium was regarded as satisfactory, the 


stopcock of the globe was closed, the water was drawn off from the tank, the con- 

















Fic. 15.—Filling globe with oxygen ; use of desiccator ; hydrogen used for comparison. 


nections of the globe to the other part of the apparatus were sever ed, the desiccator 
was lifted out of the tank, dried, and taken to the balance. The cover a, Fig. 18, 
was removed, the tube ¢ was unscrewed, the ground joint of the globe was cleaned, 
and the globe and its counterpoise were suspended from the pans of the balance 


as_ before. 


95.—OXYGEN BY SECOND METHOD. THE BALANCE WHICH WAS EMPLOYED. 


The balance used in the weighings of this series of determinations was made 
by Rueprecht, of Vienna, and was lent to me by the Smithsonian Institution. It 
will carry twelve hundred grammes in each pan. The excursions of the beam are 


read by the telescopic observation of the image of a scale of equal parts which is 





35 DENSITIES OF OXYGEN AND HYDROGEN 


seen reflected by a mirror carried by the beam. Of the many merits which this 
balance possesses in the highest degree yet attained, that one which made it desir- 
able for my work was the great constancy of its indications. As was proposed in 
the preliminary discussion with Rueprecht, its sensitiveness has been reduced as far 
as is permitted by the range of the adjustment for this purpose. 


MECHANISM FOR WRIGHING BY REVERSAL. 


Fig. 16 gives a perspective view of the balance standing over the closet in 
Which all objects to be weighed by reversal are contained. The shafts and 
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Fic, 16,—Balance standing on the closet which contains mechanism for transferring 
objects from one pan of the balance to the other. 


handles by which the balance is manipulated are seen a few centimetres above the 
stone cover of the closet. The oscillations of the balance are observed by means 
of the telescope, in which are seen two images of a scale (not shown) placed over 
the telescope, one refleeted from a mirror carried on the beam of the balance, and 
the other from a fixed mirror placed just over the first. The latter image serves to 
verify the stability of the scale and telescope. 

Just below the stone cover of the closet are seen the handles for manipulating 
the reversal mechanism within the closet. The larger crank rotates the apparatus 
in transferring an object from one pan of the balance to the other ; the smaller 
crank lifts and lowers the objects, and the milled head seen between the two cranks 
moves latches for accurately centering and for keeping unmoved the apparatus. 
A dial indicates the position of the reversal mechanism and of the several objects 
with reference to the pans of the balance. 


_—. > = 
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The closet is of brick, 13 decimetres high and 12 decimetres square inside. At 
one side are two pairs of doors ; the space between them could be filled with sacks 
of non-conducting material if desired, but this has not been found necessary. The 
whole inner surface of the-closet is lined with sheet zinc, soldered so as to leave no 
openings but those which are required. 

Attached to the stone cover of this closet, directly under the middle knife edge 
of the balance, is the axis of the reversal mechanism, on which rotates an object 
carrier, which is provided with six arms. All the rest of the mechanism serves to 
manipulate this carrier. 

The hooks which are supported on this carrier need to pass in continuous 
rotation through the hooks which are attached to the pans of the balance. The 
details of these hooks are shown in Figs. 17 and 18; one is seen at a. It consists 
of two hollow cones, about 2.5 centimetres in diameter, joined by a cylinder about 
1.5 centimetres long, The lower hollow cone has a slot four millimetres wide cut 
through it perpendicular to the plane of the paper, and the cylinder is cut away as 
shown. The lower hook 4 is a smaller cone, fixed to a short rod, dg, on which is 
also fixed the larger cone c; d is a hollow cone, borne on the object carrier, on 


which the system / ¢ g is supported when not suspended from the hook a. 

















Fic. 17.—One arm of revolving carrier, raised, hooks disengaged. 


If the object carrier, of which the centre and one arm are shown at e h h, is 
raised, as in Fig. 17, the hook 4 is quite free from a, so that e¢ h may be 
rotated. If ¢ h is lowered when it is in a proper position, 4 will engage with a, and 


d will descend some 2.5 centimetres, leaving a 6 ¢ g quite free. In order that @ and 


i 
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4 may properly engage with each other, it is necessary that @ should be held in a 
definite position whenever it does not support 4; accordingly, a tube ¢, ending below 
in a hollow cone, is placed as shown. Whenever e / is lowered, /, and therefore 7, 
are raised, taking the position shown in Fig. 18; @ and ¢ are therefore both 


supported or both freed by a single motion of the handles seen in Fig. 16. 












ka 










Fic. 18.—One arm of revolving carrier, lowered, hooks engaged. 


The object carrier ¢ / slides vertically upon a sleeve 7. A collar o is attached 
to eh so as not to turn with it, and is moved vertically by the lever p. But e h 
also rotates with the sleeve /, and the motion of both is produced by the worm x 
and the worm gear m which is fixed to 7. By the rotation of m and the motion of 
p, any one of the six hooks 4 can be put in any desired position. The sleeve / 
turns on a stud which is screwed into the plate 7 7. 

Fig. 19 is a plan of the reversal mechanism seen from above, the stone cover 
being supposed removed, and the plate 7 7, by which the apparatus is attached to 
the stone cover, being indicated only in dotted outline. The worm gear, also, is 
broken away to show parts beneath it. At the centre of the plan is seen the hollow 
stud which is screwed to the plate 77. The worm and gear are shown at mn. 
The lower end of the sleeve is fixed in the disk s; to this is attached the radial arm 
¢ which carries at its end a stud w which compels the object carrier to turn with the 
sleeve and the worm gear: p is the lever by which ¢/ is raised or lowered ; it 
receives motion from a crank on the shaft 7, which also moves the arm ¥, by which 
in turn are moved the arms & &. 

When the carrier has brought two opposite hooks exactly into position, two 


projections eé are ready to enter two notches in the latches @ «, which, being 
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released by the motion of 2, secure the correct centering of the lower hooks 4, Fig. 
17. When these latches are closed by turning 2, the arm locks the shaft 4, and 


another arm at the end of the shaft 2 unlocks w. While ff 1s lowered, and the 














Fic. 19.—Plan of reversing mechanism. 


hooks a and @ are engaged, B and n cannot be turned, for the arm A is also locked 
by turning w; when w has lifted f f, z is unlocked, and can then in turn unlock B 


and the latches 2 , after which B and mn can be turned. 
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Most of the objects weighed with this apparatus have to be contained in 
desiceators during the weighing. In order to carry these desiccators around with 
the objects which they contain, it is required to let the platform # FZ, which is 
placed eleven decimetres below 7 f, rotate with the latter. F His supported on a 
pivot fixed in the floor of the closet, directly under the centre of 77. To the under- 
side of the disk s is fastened the plank C C, and the latter is joined to # E by two 
boards seen in section at )) ). 

When it is convenient to place two pairs of globes on the apparatus at once, 
a desiccator containing the first pair stands on this platform / /, and the globes 
are suspended by long wires to the hooks near ¢e in Fig. 19 (this arm should 
have been shown parallel to the longer sides of “ /). Across this desiccator, 
is then placed another, whose globes are suspended from the hooks seen near the 
latches vv, The central part of this upper desiccator has to be somewhat con- 
tracted so as to leave free the wires suspending the lower globes. There is then 
still room for a third pair of objects of no great bulk, like the tube containing 
palladium which is to be mentioned in describing the experiments on hydrogen. 
Since it was commonly thought proper to leave objects on the balance as much as 
twenty-four hours, these facilities for weighing three objects within the interval 
required for one were a very great convenience. 

The desiceators for containing the globes needed to have dry air brought to 
them from without. In order to maintain this current while the globes were in the 
balance closet, it was convenient to introduce it through the axis of the reversal 
apparatus. For this purpose, the stud on which the apparatus rotates was made 
hollow, as seen at the centre of the plan, and the hose bringing dry air was attached 
to the upper end of this tube. It ended beneath in a little chamber, turning 
with the revolving object carrier, to which could be connected rubber tubes 
leading to the desiccators. The air was foreed by a hydraulic blower through 
two carboys each half full of pure sulphuric acid. After bubbling through the 
acid, the air was filtered through a long column of cotton-wool. 

Even when the mechanism was turned slowly, it was not easy to avoid some 
oscillation of the objects carried on the reversal apparatus. A mechanism for stop- 
ping this oscillation was therefore devised. The hooks @ a are suspended from the 
pans of the balance by rods which are enclosed in the brass tubes on which the 
pans of the Rueprecht balance are supported when the balance is arrested. On 
these rods, two brass disks slide freely down to two pins which limit the motion. 
In the tubes are placed perforated disks covered with velvet. When the tubes 
carrying the disks and the pan arrests are let down six millimetres, the sliding disks 


still rest on the velvet. The pans have at this moment been freed from their ar- 
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rests; the oscillations of the pans and the suspended weights are soon stopped by 
the friction between the disks and the velvet. But when the pan arrests are fur- 
ther moved down 3.5 centimetres, the disks are left perfectly free. 

This apparatus for weighing by reversal was first used with the balance made 
by Becker, but the apparatus for damping oscillations was then different. When 
the Rueprecht balance was put in place of the Becker balance, the difference in the 
arrest for the pans made it necessary to modify the apparatus previously used for 
this purpose, and to readjust the distance of the hooks @ and 4 from the axis of the 
mechanism, to suit the shorter length of the beam of the new balance. /” #’are 
counterpoises which support the weight of the object carrier, and of the objects 
placed on it. 


26.—OXYGEN BY SECOND METHOD. WEIGHING BY REVERSAL. 


All the weighings of this series of determinations were made by Gauss’ method 
of reversals. The globe containing the oxygen was suspended from one of the 
auxiliary pans of the reversal apparatus just described, and its counterpoise from 
the opposite hook. Weights were placed on the auxiliary pan, on the side from 
which the globes were suspended (not on the pan of the balance itself), nearly suffi- 
cient to produce equilibrium, Except in two cases, weights smaller than ten milli- 
grammes were not used here; as the weights were removed from observation till 
the end of the operation of weighing, the falling off of a small weight in closing 
the doors of the closet might not be noticed at the time, and it was then a question 
whether it fell off at the closing of the door at the beginning of the weighing, or at the 
end. But if a weight of ten milligrammes or more fell off, there was no ambiguity. 

The globe with its weights, being at the left of the observer, was suspended 
from the pan of the balance itself by manipulation of the handles shown in Fig. 
16. The beam of the balance was then released, and the weights smaller than ten 
milligrammes which were needed were added to one side or the other as indicated. 
The balance was then arrested, and the current of dry air introduced into the des- 
iccator, passing through the axis of the reversing mechanism, After a proper 
interval, the balance was released and three excursions were noted ; then the revers- 
ing mechanism was used to transfer the globe to the right of the observer, to 
suspend it to the pan, and to stop its vibrations. The small weights’ placed on the 
pan of the balance itself were by hand transferred to the opposite pan, and three 
excursions were noted. The mean of the apparent weights required in the two 
positions gives the difference between the weights of the globe and its counterpoise 
as well as it can be given by a single observation. But in general it will not be 


the true difference. 


~~ 
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It will be observed that currents of air produced outside of the closet of the 
weighing apparatus have but little effect in disturbing the balance. The openings 
in the desiccator are small, and are at the same level. It is therefore impossible 
for a current of air to enter the desiccator near the top, and leave it near the 
bottom, striking against one of the globes during the passage. If the whole body 
of air in the small room surrounding the closet becomes less dense, the whole body 
of air within the closet will ooze out at some opening near the bottom; but this 
movement will not take place in part through the desiccator. 

But if convection currents are produced within the closet itself, they are very 
likely to enter the desiccator, unless this has a certain symmetrical exposure to 
them; and if convection currents are produced within the desiccator itself, they 
are still more likely to disturb the balance to which the globes are suspended. 

Suppose, for instance, that the distribution of temperature in the closet is such 
as to produce currents; a downward current may well enter the desiccator and 
strike upon one of the globes. Currents in the same direction will also be pro- 
duced within the desiccator, since its inequalities in temperature will be in the 
same direction as those of the walls of the closet. The globe on the left hand, let 
us say, will appear too heavy. If now the positions of the globes be reversed, the 
currents which enter the desiccator from without are reversed in their effect on the 
globes, but those which are produced within the desiceator itself will continue for 
some time, making the right hand globe appear too heavy. ‘These currents, there- 
fore, make the globe appear too heavy in both positions. 

As a matter of observation, the convection currents produced within the 
desiccator are so much the more important that the effect actually noticed in con- 
ditions when weighing is possible is attributable entirely to them. When the 
effect of the currents entering the desiccator from without is noticed, the equilib- 
rium of the balance is so inconstant that weighings have to be postponed. This 
has occurred but seldom. 

Fortunately the effect of the currents set up within the desiccator is easily 
eliminated. If we wait for, say, half an hour, until we may assume that a new 
constant condition of temperature has been attained, and again weigh by reversal, 
the convection currents produced within the desiccator will produce an effect on 
the apparent difference of weight of the two globes which is opposite to the effect 
produced in the first weighing. If the conditions of temperature have not materi- 
ally changed, and if the time used in the manipulation is about the same, the two 
opposite effects will have about the same magnitude, and will nearly disappear 
from the mean. The mean of two successive weighings by reversal with an inter- 
val of half an hour or an hour ought, therefore, to give very nearly the true differ- 


ence of weight of the globe and its counterpoise. 
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That this is the case may be seen from many illustrations in my note-books. 
I give one in which the globes counterpoised against each other were both closed 


by fusion, so that their true difference of weight was constant. The volumes were 


equal on the two sides of the balance, and were 15.77 litres. 


TABLE SHOWING THE ELIMINATION OF THE EFFECT OF AIR CURRENTS : 


Date. Hour. Apparent Means. 
Weight, gr 


April 29 11.45 A.M. 41.81888 
41.81902 

12.45 P.M. 41.81916 
41.81905 

1.45 P.M. 41.81894 
41.81904 

5 P.M. 41.81913 
41.81903 

April 30 9-40A.M. 41.81892 
41,.81903 

10.05 A.M. 41 81913 
41.81903 


12.45 P.M. 41.81893 


It will be observed that, although successive weighings differ two or three 
tenths of a milligramme, the means of pairs of successive weighings agree as well as 


could be desired. 


27.—OXYGEN BY SECOND METHOD. CHANGE OF SURFACES OF GLOBES. 
In this series of experiments, the surfaces of the globes were not touched dur- 
ing the determination of the weight of the globe when empty and that of its weight 
when filled with oxygen. In one case, seven successive experiments were finished 
without touching the globe. Commonly, some trifling accident or the necessity of 
renewing the lubrication of the stopcock changed the weight of the globe or of its 
counterpoise ; in the series of seven determinations just mentioned, the difference 
between the weight of the globe and of its counterpoise was determined three times, 
and the agreement was good. 

Although changes in the surface of the globe or of its counterpoise were not 
to be feared in this series of experiments, it was thought worth while to determine 
the amount of the changes which might be expected if cleaning were necessary. 
To eliminate errors which might be caused by changes in the lubrication or by 
leakage, two globes were used which had been closed by fusion. To one of them 
was added a flask, also closed by fusion, so as to make the volumes of the masses 
on the two pans of the balance equal; each measured 15.7667 litres. 

The globes had been standing in the balance room for a year. For the first 


experiment, both were moistened by breathing on them and wiped with a dry 
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cloth. Their difference of weight was then determined as they hung in the desic- 
cator; it was found to be, as just given, 41.8190 gr. 

One of the globes was now washed with distilled water and at once wiped 
dry and replaced in the desiccator; this was at 12.40 p.m. on April 30. The fol- 
lowing observations were then made : 


Date. Hour. Weight, gr. 
April 30 5-30 P.M. 41.8167 
May 1 12.15 P.M. 41.8167 
May 2 8.30 A.M. 41.8168 
May 3 11.00 A.M. 41.8167 
May 4 8.40 A.M. 41.8167 
May 7 5.00 P.M. 41.8173 


The mean is 41.8168; so that the washed globe had lost 2.2 milligrammes. 

On May 11, the same globe was washed again, its counterpoise being simply 
wiped as before; both were replaced in dry air at 9.30 a.m. The following obser- 
vations were made : 


Date. Hour. Weight, gr. 
May 11 2.30 P.M. 41.8176 
May 11 6.00 P.M. - 41.8172 
May 12 11.45 A.M. 41.8172 
May 12 2.15 P.M. 41.8171 
May 12 6.00 P.M, 41.8169 
May 13 g.00 A.M. 41.8171 
May 13 10.00 A.M. 41.8171 
May 13 2.40 P.M. 41.8172 
May 14 12.00 M. 41.8173 


The mean is 41.8172; so that the globe had lost no more in weight by the 
second washing soon after the first. 

On May 14, the same globe was washed by scouring gently with powdered 
pumice-stone and distilled water. It was then wiped, passed through the flame of 
a Bunsen lamp, and replaced in the desiccator at 5 p.m. The following observa- 
tions were made : 


Date. Hour, Weight, gr. 
May 15 5.30 P.M. 41.8175 
May 16 8.30 A.M, 41.8175 
May 16 11.45 A.M. 41.8174 
May 16 5.50 P.M. 41.8175 
May 17 g.00 A.M. 41.8173 
May 17 11.15 A.M. 41.8175 
May 17 7.20 P.M. 41.8175 
The mean is 41.8175 


On May 18, at 9 a.m, the same globe was washed with pumice-stone, using 
hard friction ; it was then wiped and put in the desiccator at 12.30 p.m. Weighings 
were made as follows : 
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Date. Hour. Weight, gr. 
May 18 4.30 P.M. 41.8173 
May 18 5-40 P.M. 41.8155 
May 19 2.30 P.M. 41.8159 
May 19 7.30 P.M. 41.8159 
May 20 IT,00 A.M. 41.8159 


Obviously the first weighing was made too soon, The mean of the other 
weighings is 41.8158 gr. 

The weighing after the first washing shows the well-known loss of material 
produced by the solvent action of water after glass has been exposed for a long 
time to the decomposing effect of the air. The next weighing shows that a second 
washing soon after the first may have a much less solvent action; that of May 
15 shows that gentle friction with powdered pumice may not remove anything from 
a surface already well washed. 

If it were safe to argue from the increase from 41.8168 to 41.8175 gr. we might 
perhaps infer that repeatedly wiping the second globe was gradually producing a 
loss such as the first suffered from the first washing; but the inference is too 
insecure. 
28.—OXYGEN BY SECOND METHOD. PREVENTING LEAKAGE OF GLOBES WHEN EXHAUSTED. 

Since, with a balance of such gratifying constancy, but a few repetitions of a 
weighing were necessary, it would have perhaps been safe to trust the stopeocks 
which had been fused to the globes. But since the manipulation which entirely 
prevents the leakage of the stopcocks when the globe is exhausted is by no means 


difficult, it was always used in this series of determinations. 





Fic. 20.—Method of preventing leakage of globes when exhausted. 


At g, Fig. 20, is the ground joint of the stopeock by which the globe is 
always connected to other apparatus. The piece 4 d, which fits on g was reduced to 
a small diameter at c (the tube at ¢ should have been drawn as at d) and a mark 
was etched here; the piece was then put in position on the stopcock, and the 
volume contained between this mark and the key of the stopcock was determined 
by filling from a burette. This was done once for all. When the globe was to be 
exhausted, this joint was fused to the joint ¢ ¢, and drawn to a small diameter at d, 
ready to be closed by fusion when exhausted, and the volume between the mark ¢ and 
the point ¢ was determined by filling it with water and weighing. The two joints 
having been thus made ready, b was warmed and coated internally with wax ready 


for cementing on g. Then the two joints with this wax were carefully weighed by 


48 DENSITIES OF OXYGEN AND HYDROGEN 


reversal, after which 2 was warmed and fitted to the stopcock of the globe. On e 
was now fitted the corresponding ground joint 7, and this was fused to the air 
pump. When the exhaustion was completed, 7 was closed by fusion, the part 
fused off was removed from jf, cleaned, and put on the balance with the globe. 
From the weight of the glass attached to the globe, together with the volume be- 
tween the key of the stopeock and the point ¢/, is computed the volume added to 
the globe. The weight of the glass added is known from the preliminary weigh- 
ing; it of course simply replaces a certain amount of brass and platinum weights 
which otherwise would have been needed. The manner in which the addition of 


this volume was cared for is to be described in the next paragraph. 
29.—OXYGEN BY SECOND METHOD. CORRECTION FOR DIFFERENCE OF VOLUMES. 


In all the experiments of this series, the volumes suspended from the opposite 
pans of the balance were made equal at every weighing. For this purpose, some 
sixty minute flasks were made, of sizes ranging from one cubic centimetre to ten. 
They were all made nearly equal in weight by loading with mercury, closed by 


fusion, and provided with platinum hooks. The appearance of 


foo one is shown in Fig. 21. Their volumes were then determined 
Rg ee) . pens . 
ey by hydrostatie weighings and marked on them by etching, after 


Fic, 21.—Small flask Which they were made rigorously equal in weight when weighed 
for equalizing volumes. in a vacuum. This was accomplished on an assay balance whose 
needle moved fifty divisions for a difference of one milligramme, taking account 
of the density of the air and of the errors of the weights employed. 

When the difference of volume of two masses to be counterpoised against each 
other had been determined, two of these minute flasks were selected, such that the 
difference of their volumes was equal to the difference of volumes of the masses to 
be weighed; adding the small flask to the large volume and conversely, the 
volumes to be weighed became equal. These flasks had been so accurately ad- 
justed to equality of weight in vacuo by repeated determinations that it was not 
necessary to take account of their weight or of the minute differences of their 
weights. 

As an example of the simplest application of the equating flasks, a joint, 4 ¢ 
sede 


Fig. 20, weighed approximately grammes, and had therefore a volume of 3.11 


cubic centimetres. The weights to balance it had a volume of 0.85 cubic centime- 
tres. Adding to these two volumes two flasks having volumes of 1.41 and 3.65 
cubic centimetres, we have the two volumes on the opposite pans of the balance 
3.11 ce + 1.41 ec = 4.52 ec, and 0.85 ee + 3.65 ec = 4.50 ce. 


In the case of an exhausted globe, the number of volumes to be added _ to- 
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gether is greater, but the principle is the same. For instance, in weighing globe 
No. 5 when exhausted and closed as described on page 47, we have the fol- 


lowing volumes on the two sides of the balance: 


Globe 5 | Counterpoise 5 
MOMMY eycrayetey see meine ars niesomvaieds eleve MGC 
Space below, markia Pig)20..5.... 1:08 > 
SpaceraWOvemsmMatkiay etc wiise sels 0.10 * 
BLASS MW.ClC MCS es perce eke meen cis eyes 2102) 
Platiniumpewelohtse erm. eelsme eer COR i 
Smalliequatin'g flasks. 2 ...2.-+-.--- 1.41 * S.350cc: 
SINS 4 Ap anges abo oc Paine Gert Ora ha Cro s5ice: 


Since the volume of globe 5 is equal to that of its counterpoise when the 
globe is exhausted, G, = C, hence the volumes on the opposite sides of the bal- 
ance are equal, so that the immediate result of the weighings, with no observation 
of temperature and pressure, and with no computation of correction, gives the true 


difference of weight between the globe and its counterpoise. 


d0.—OXYGEN BY SECOND METHOD. OBSERVATIONS. 


The following table gives the weights obtained of globes filled with oxygen 
at the same temperature and pressure as that of the hydrogen which was used as 


a standard of comparison, 


OBSERVATIONS WITH GLOBE 5. 


Date. Weight, gr. 
May ZEON AINA, WY Sersch caper ciisn caren te Filled 4.3827 
Sg DOIN cehe aie Meio Oet IG ERO ea Exhausted 34.2284 


June DON gai thcays ene s¥e cists easyer cr ekeverae Filled 47165 
Diya eriyes assests lee ee See he ere aleve Exhausted 34.5512 


June DAR ere chs. isueia fof ons erasishsmetss or Seeger ae Exhausted 30.3731 

s D Saree nee aye sv eeenene nue Ses Sena cee Filled 0.5466 

ny Diemer A ots ol sages oe eR ets ss 0.5482 

‘i BO ee ray oer tansy eee ee 0.5473 

July Tes ec reiterate tet one eae, 0.5441 

3 TRAE Seam orice oA .... Exhausted 30.3735 

October Chiles OR cea To i ecieccsec am eS ig 30.3734 

INONemb ease cteryocitsok ise es sss meets Filled 0.5358 

5 MG eee neare Sten ima u 0.5376 

: WD) EWEN DCTme aA M eackc exe Soho rere | eis.ciens teers aera. ois a 0.5394 
OBSERVATIONS WITH GLOBE 3. 

May ZO ebaaete eee iss ses Filled 0.0190 

. DOM mete eR Ieec see eeans Exhausted 27.7736 





aU DENSITIES OF OXYGEN AND HYDROGEN 


Renewed joint : 


June BA vai. win latsyaicteraieaeieen Gielen se Exhausted 29.8270 

a eis 23. ic% sia ebro oir asinn or laketas Filled 2.0727 

a One A a etary eine meres ~ 2.0720 

July Anna ais weia accreted ore elafete teiaiaincr Exhausted 29.8253 

Renewed lubrication : 

November? p0% oc: tastciets se yriee cei ke ace Exhausted 29.7385 

re Te reece tia ets are ayer eee Filled 1.9855 

op DO ais: hate taka ale eee “< 1.9778 
Counterpoise changed : 

December: | te.ce sos eee eee eee Filled 1.6434 

% Tage te Patan eee ieee Exhausted 29.3924 





31.—oxXYGEN BY SECOND METHOD. REDUCTION OF OBSERVATIONS. 


The weights of the oxygen found to have the same pressure as the standard 
volume of hydrogen when at the same temperature need a correction for the differ- 
ence between the coefficients of expansion of hydrogen and of oxygen. If these 
coefficients were the same, the equality of pressure observed at ordinary tem- 
peratures would also be preserved at the temperature of melting ice. Since the 
expansion of oxygen is greater than that of hydrogen, the mass of the oxygen 
required at 0° will be greater than that at ordinary temperatures. If we assume 
for the coeflicients of expansion at constant volume the values .003661 and .008674, 
we may apply the correction for the mean temperature of the whole series of ex- 
periments, which was 13.5° C. The formula for reduction therefore becomes : 


W 760 L x + 13.5 X .003674 Gy; 
D= — Sa 


vo 736.49 eon 13 5.56 1003661 g 








by which are obtained the values given in the following table. ; 
32.—OXYGEN BY SECOND METHOD, RESULTS. 


The following table gives the weights of oxygen contained in the globes in the 
given conditions, with the weights deduced for one litre of oxygen at normal tem- 
perature and pressure at the sea level in latitude 45°. 


OBSERVATIONS WITH GLOBE 5. 
Weight of Density of 


Number. oxygen : oxygen : 
grammes. grammes. 

Thaler torc nt celchete eden iatnva ot stu ve taletatere eaeiy stone rater armen 29.8457 1.42952 

Be, ea Mle deraleinatovel Shave Wovals Caro teiale Pol seats Metelezes siete gered taaceeys 29.8347 1.42900 

By A isiah cine ase 'oi8 ere) ofa shes ofatnio [oreelagest Teves snielonsSeta tests 29.8267 1.42863 

Anmrrthyes pocecdiale diateferetelegecalot= sTopersiialeh stort enateteaerare 29.8251 1.42853 

Bierce s siaieletoe (a1 o¥e iat bln: oleh se. chedojetoye ieininsesPereerenecenetste 29.8260 1.42858 

GR re RT hae che al diate pcre teteecobe race aixteeate ramen eters 29.8292 1.42873 

MWe lel cya iain aeiw eayspeie an elateew tenets elete ser eien nia Tar ave ria 29.8376 1.42913 

So ea we elon. eeu tia vole foe tetetetale lottery at etelainar sci mentors 29.8358 1.42905 


Qlaietale levee v:olejero: ctpVousl eietetershefeaeie totes stain teria Mest 29.8340 1.42896 
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OBSERVATIONS WITH GLOBE 3. 
Weight of Density of 


Number. oxygen : oxygen : 
grammes, grammes, 

Te eRe eee Soles eelener fete Viev arr gie <t-l=, yan ener 27.7546 1.42880 

PAE Ri aihaiess os ous oes csuah ae ols 27.75. 35 1.42874 

Ree Mee eters eles yoieehereh ela si eievei elie) sous! =)! efieyeliaileras 27 754 1.42878 

AR aaa Hotes teoNas ere Zab oie lo.) oilerel.civevieyict's (elie iai'el ty sstciey oerienrate! eh fap 1.42872 
Mareen Fatsforsuelrsnen cet =t ates e\cfnto sc iniie/e ce) or ats fal eries sym ueae) 2s Fe 1.42859 

GMMR ences crete rote ater sy events mich ans se. siruieie= aKa /atls/le.silse)\efs 27.7490 1.42851 


If we increase the mean by one thirty-thousandth,* we get 


D = 1.42887 er, + 0.000048 


33.—OXYGEN BY THIRD METHOD. 


In a third series of determinations of the density of oxygen, the globes were 
surrounded with melting ice while filling with the gas, and the pressure was 
measured by connecting the globe to the syphon barometer. ‘The surface of the 
lobe was therefore exposed to contact with water ; as 1t was convenient to put the 
globe in position in the ice before the operation of exhausting the connecting tubes 
and filling it with oxygen, the contact was somewhat prolonged. Change of w eight 
of the globes during the exposure was therefore inevitable; it was accordingly 
thought proper to determine the weight of the globe filled with oxygen, and then 
to exhaust it and determine its weight when empty, and to consider the difference 
of the two weighings as expressing the weight of the gas removed by the 
exhaustion. An attempt was made to protect the stopeocks and their lubrieation 
from the action of water by surrounding them with rubber capsules while they lay 
in the ice. 

The cistern of the barometer was at the level of the centre of the globes dur- 
ing this series of determinations. The reduction of the observations took account 


of the force of gravity at my laboratory, and of the correction to the length of the 


scale of my barometer. 


34.—OXYGEN BY THIRD METHOD. FILLING THE GLOBES WITH OXYGEN, 


The globe a, Fig. 22, was placed in a cylinder, ¢, and surrounded with finely 
crushed ice. This cylinder stood in a large tank, k, also filled with ice, so that the 
globe was surrounded on all sides with a layer of more than thirty centimetres of 
ice. To the joint ¢ was fitted the tube which led to a self-acting Toepler pump, to 


the apparatus for producing oxygen, and to the syphon barometer. The globe and 


* See note, page 28, 
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its connections having been exhausted and the vacuum having been measured, the 
pump was shut off by means of a stopcock, and oxygen was then admitted till the 
desired pressure was obtained, when a second stopcock near d was closed. The 
pressure of the oxygen was then measured. The globe was left in the ice for this 
purpose for from one to four hours, The stopcock near / was not required to be 


d 









wad 


eeeas 
1 


tight against any material difference of pressure on the two opposite sides of its 
key ; its only office was to shut off from the globe, during the measurement of 
pressure, the part of the apparatus whose temperature was somewhat variable. 
The use of a fusible metal plug at a convenient part of the tube prevented leak- 


age during the exhaustion of the globe and connecting tubes. 
35.—OXYGEN BY THIRD METHOD, SOURCES OF OXYGEN. 


In seven of the experiments of this series, oxygen was obtained from potassium 
chlorate ; the process was in all respects exactly like that in the previous series. In 
the other experiments, oxygen was produced by the electrolysis of pure dilute sul- 
phurie acid. The gas issuing from the voltameter passed through a strong solution 
of potassium hydroxide, where the time of contact was over fifty seconds ; then over 
heated copper oxide, and through drying tubes filled with calcium chloride, pow- 
dered potassium hydroxide, and phosphorus pentoxide, each of which was one 


metre long and two and a half centimetres in diameter, All were connected by 
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fusion, except that the tube of infusible glass containing the copper oxide was 
joined to the soft glass of the rest of the apparatus by means of eround joints made 
gas-tight with paraffin. The pure dry oxygen issuing from the last drying tube 
passed to a manometer indicating its pressure, and to a stopcock separating the 
apparatus up to this point from that on the other side of the stopcock, where the 
pressure was less until the completion of the process of filling the globe with 
oxygen. Beyond the stopcock, a fusible metal plug closed the tube leading to the 
globe until the exhaustion was finished. The tube, between this stopeock and 
the fusible metal plug was freed from air by exhaustion with another pump, after 
which the tube leading to this pump was closed by fusion, When the required 
exhaustion had been obtained, this plug was removed, and the passage of the 
oxygen to the globe was regulated by a stopcock. The manometer which showed 
the pressure of the gas in the voltameter was connected by so long a tube, and 
oxygen was so often blown out at it, that it was thought impossible for mercurial 


vapor to mingle with the current of the gas on its way to the globe. 
36.—OXYGEN BY THIRD METHOD. MEASUREMENT OF PRESSURE, 


The measurement of pressure in this series was like that in the first series, 
except in one particular. In the first series I used what Regnault called a mano- 
barometer, the relation of the tubes in which is well known. But in the present 
ease I used a syphon barometer, as shown diagrammatically in Fig. 22. In a box 
stand two tubes, e and 7, one connected to the globe, and the other filled) with 
mercury by boiling in a vacuum. The upper part of ¢ and the tube f are in the 
same perpendicular. The difference of level which measures the pressure of the 
oxygen in the globe can be accurately and conveniently measured by means of a 
scale standing in contact with the two tubes and viewed with proper optical 
apparatus. 


37.—OXYGEN BY THIRD METHOD. WEIGHING THE GLOBES. 


The globes, after washing and wiping, were hung with their counterpoises in 
desiccators in the closet under the balance. But the desiccators now used were 
not required to hold the globes permanently, and were therefore simple boxes of 
sheet metal, with a cover having holes for the suspension of the globes from the 
balance. The globes were placed in one of these desiceators, the cover was put on, 
the box was put in position on the rotating platform of the reversal mechanism of 
the balance, and the wires attached to the globes were hung to the auxiliary pans 
of the reversal apparatus. Dry air was then admitted at the bottom of the desiccator 


and there spread horizontally in all directions, This current was introduced 


i hee 


ai 
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through the axis of the reversal apparatus, and 
could therefore be continued without interruption 
except for the purpose of weighing. 

The volumes suspended from the opposite 
pans of the balance were always made equal, as 
in the previous series of determinations, and the 


weighings were made by reversal in precisely the 





same Way. 


Fic. 22a.—Desiccator. 


38.—OXYGEN BY THIRD METHOD, WEIGHT OF GLOBES WHEN EXIIAUSTED. 


As already observed, it was thought proper to determine the amount of 
oxygen in the globe by determining the difference of weight between the filled 
globe and the globe exhausted immediately afterwards. In this exhaustion and 
the subsequent weighing, leakage through the stopcock of the globe was prevented 
by the manipulation described on page 47. Now, since the tare of the globe 
thus obtained was only for the one experiment immediately preceding, the weight 
of the joint shown in Fig. 20, and used to prevent leakage, did not need to be 
known, ‘The joint was therefore made ready for application to the globe when the 
latter was to be weighed with its contents of oxygen, and was, during that weigh- 
ing, put on the balance with the globe. After the weighing was completed, the 
joint was put on the globe, a vacuum was produced, the joint was closed by fusion, 
and the globe with the joint was weighed again. The difference of these two 
weighings (in which the volumes on the opposite pans were made equal as usual) 
gave the weight of the oxygen contained in the globe. 

Since there was no room for any exercise of judgment in the combination of 
observations made in this way, it is sufficient to give simply the number of the 
globe employed, the pressure, the weight of oxygen, and the density of oxygen 


found. ‘The capacities of the globes have already been given. 
39.—OXYGEN BY THIRD METHOD, OBSERVATIONS AND RESULTS. 


The results obtained by the method in which the globes were filled with 
oxygen at the temperature of melting ice were as follows. It may be said that 
three observations were made with the globe numbered 6. But it was found that 
an error had been made in the computation of the volume of its counterpoise, so 
that all the observations made with it were subject to an uncertain and variable 
correction for the difference of the volume of the globe and its counterpoises, 


These three results were therefore rejected. 
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OXYGEN FROM POTASSIUM CHLORATE. 


Se z a é i Sane ‘oyaee 
8 % ae og Cia 
BE 3 aE a8 BEE 
Be. ic gs Be Ge 
eas o ae = 6 bk QS 
I 2 727.04 12.0179 1.42920 
2 I 746.93 12.3951 1.42860 
3 2 769.76 12.7227 1.42900 
4 I 773.22 12.8400 1.42957 
5 1 772.22 12.8192 1.42910 
6 2 778.68 12.8745 1.42930 
7 2 778.04 12.8628 1.42945 
OXYGEN BY ELECTROLYSIS. 
8 I 774-39 12.8572 1.42932 
9 2 750.12 12.3983 1.42908 
Io I 769.83 12.7796 1.42910 
II 8 765.35 23.7671 1.42951 
12 B 761.52 28.7134 1.42933 
13 9 774-98 21.9675 1.42905 
14 5 772-55 31.3039 1.42914 
15 Gi 747.88 21.6150 1.42849 
16 7 754-99 21.8274 1.42894 
7 7 763.80 22.0808 1.42886 


If we increase the mean by one thirty-thousandth,* we get 
D = 1.42917 er. = 0.000048. 


40.—OXYGEN. FINAL RESULT FOR THE DENSITY. 


The values found by the different methods used are as follows : 





By use of thermometer and manometer...... D = 1.42879 £ .00003 4 
BYACOMpPeNnSatloMemiis Jace eies 4440 se oe see Dr p.4 288704 Foocod eS 
Bysusevofuceyand barometer... 3. x... sa). D = 1.42917 £ .c0004 8 


The combination of these results into a final mean must be left mostly tothe judg- 
ment of those interested in the matter. The probable errors of the three means 
would indicate that the first method should have double weight, which would be 
very improper, in my judgment. This method involves more easy manipulation, 
but gives less security against constant error. So also with the second method. 
The manipulation of the third involves more accidental errors, but involves no con- 
stant errors which are not common to the other methods, while it avoids some. I 
shall therefore compute a mean in which the third result is given double weight ; 
from which we get 


Do = 1.42900 + 0.00003 


* See note, page 28. 





PART II.—ON THE DENSITY OF HYDROGEN. 
1.—INTRODUCTION, 


The density of hydrogen has been determined in five series of experiments of 
very unequal value. In the first series, temperature and pressure were mneasured 
with mercurial thermometers and the mano-barometer. The reduction took account 
of the same factors as the reduction of the first series in the case of oxygen. This 
series consisted of fifteen separate determinations. 

In a second series, the globes were surrounded with melting ice while the 
pressure was measured with the syphon barometer. The reduction was the same 
as in the third series of experiments on oxygen. This series consisted of nineteen 
experiments. 

In a third series the hydrogen was weighed, not in the globes where its volume, 
temperature, and pressure were observed, but before it was introduced into them. 
Globes making jointly a capacity of forty-two litres were connected together, 
and to a self-acting air pump, to a syphon barometer, and to a tube for admitting 
hydrogen. A tube containing six hundred grammes of palladium foil was charged 
with hydrogen, and was weighed.. Its hydrogen was transferred to the globes, pre- 
viously exhausted and shut off from the airypump. Here its volume and_ pressure 
were determined at the temperature of melting ice. The tube of palladium was again 
weighed, and so the weight of hydrogen was determined. This series consisted of 
eight experiments, together with five experiments which were made before the 
apparatus and its manipulation were satisfactory, and which were regarded as only 
preliminary. The reduction of these observations takes account of the elevation of 
the cistern of the barometer above the centre of the globes and of the force of 
gravity at my laboratory. 

The fourth series was simply a continuation of the third after a summer vaca- 
tion. Several accidents oecurred. The series was therefore abandoned, and a new 
apparatus was constructed. The fifth series was a repetition of the third and fourth 
with a different apparatus; these two series consisted of six and eleven experiments 


respectively, but accidents occurred in two experiments of the fourth series. 
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2.—DETERMINATION OF DENSITY BY FIRST METHOD. 


In the first series of determinations of the density of hydrogen, nearly all the 
manipulation was almost precisely the same as that used in the first series of deter- 
minations of the density of oxygen. The two were carried on at the same time, 
with the same apparatus in the same condition; it was hoped that in this manner 
of working the ratio of the two densities might be subject to fewer systematic 


errors. Only a brief account is therefore required. 


‘ 
3. 





FIRST METHOD, PREPARATION OF HYDROGEN, 


In all the experiments of this series, hydrogen was prepared by the electrolysis 
of pure dilute sulphuric acid. The gas was passed through a strong solution of 
potassium hydroxide, over incandescent copper, and through three drying tubes 
one metre long and two and a half centimetres in diameter, the last filled with 
phosphorus pentoxide and the preceding one with powdered potassium hydroxide. 
In the apparatus up to this point, the pressure was always kept equal to that of 
the atmosphere by a stopcock and a manometer. 

In some experiments of this series the gas was admitted at once to the globe 
as it issued from the regulating stopcock. In the remaining experiments, the gas 
was first absorbed in metallic palladium. When this was to be filled with hydrogen, 
it was first heated in a vacuum. ‘Then hydrogen was passed through it while it 
was still too hot to absorb the gas, and the current was continued for some time, 
after which the source of heat was removed. After the absorption was complete, 
a current of gas was passed for a long time to expel any gas other than hydrogen 
which might have accompanied the latter. When this end was thought to have 
been attained, the connection between the palladium and the voltameter was cut 
off, and the connection opened to deliver the hydrogen into the globe. Heat being 
applied to the palladium, the globe was filled. 

In all the experiments in which palladium was used, the tubes for conducting 
the gas were closed, either by fusion or by fusible metal plugs, so that leakage from 


the atmosphere into the apparatus was absolutely excluded, 


4.— FIRST METHOD. PROOF OF THE PURITY OF THE HYDROGEN. 


The voltameter in which hydrogen was produced contained about five litres 
of dilute sulphuric acid, and the drying tubes and other parts of the apparatus 
had a capacity of one or two litres more. To remove the air from this apparatus 


took of course a considerable time. It was thought proper to meet any objections 
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by actually determining the amount of nitrogen remaining in the gas which was 
weighed. 

This might have been done by taking hydrogen from the globe in which it 
had been weighed, and analyzing in some suitable apparatus, Circumstances made 
it convenient to adopt a slightly different method. Instead of filling one globe 
with hydrogen which was to be first weighed and then analyzed, two globes were 
filled at the same time. They had been exhausted to the same degree. The cur- 
rent of gas divided and went to the two globes in quantities proportional to their 
‘apacities ; so that the two contained gas of identical quality. One globe was 
afterwards detached and weighed. The other globe remained permanently con- 
nected with the apparatus for determining the impurities in the gas, and was 
somewhat elaborately guarded against possibility of leakage.* 

With this apparatus, the method of determining the amount of nitrogen in the 
hydrogen was as follows: A vacuous tube containing copper oxide was heated 
till no more gas was given off. This tube was connected to the globe containing 
the hydrogen reserved for analysis, and the copper oxide was heated. By noting 
the change of pressure in the globe the amount of hydrogen withdrawn from it 
was determined. Then the connection with the globe was closed, the copper oxide 
was cooled, and the gas remaining was extracted with a Sprengel pump, and trans- 
ferred to the eudiometer. The structure of the pump made impossible any 


admixture of air with the gas transferred with it, for the mereury which 


> 
actuated it all passed through a vacuum trap which was kept exhausted by an 
auxiliary pump. 

When in this way, let us say, one litre of hydrogen had been withdrawn from 
the part reserved for analysis, and had been reduced to, say, ten cubic centimetres, 
it was measured in the eudiometer, mixed with oxygen and exploded, and so the 
amount of hydrogen in the residue was determined. Since cupric oxide is at best 
but a treacherous material, examination was also made for gas absorbable by alkali, 
and when absorption occurred, the experiment had to be resumed with a better 
sample of copper oxide. If the experiment showed no absorption, the gas not 
hydrogen was considered as nitrogen. Since qualitative examination showed that 
sulphur and carbon were not present, this supposition was probably justified. It 
will be noted that it is a matter of indifference whether the oxygen used in the 
explosion contained nitrogen, but it did not. 

In several experiments of this series, nitrogen was found in the hydrogen. 
But after a considerable volume of hydrogen had been produced, the apparatus 
was practically free from nitrogen except after breakage. Soon after the use of 


* American Fournal of Science, 41, 220. 
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palladium for purifying the hydrogen in the way described, nitrogen could no 
longer be detected, though sought for repeatedly in a volume as large as two litres, 
The search for it was then discontinued. 

AMOUNTS OF NITROGEN 


FOUND IN HYDROGEN WHICH WAS WEIGHED : 


Experiment. Date. Volume taken. Nitrogen found. Correction to density. 
EB April 28, 828 ce. .030 CC. .000045 
4 May 6, L7345- 203 5th .020025 
5 May 8, 640 “ .o1o “ .000020 
6 May 28, 798 “ 108 Olle .000057 
7 June 9, 838 “ S005) .000008 
8 June 20, 1083“ 5005, = .000006 


5.—-FIRST METHOD. OBSERVATIONS AND RESULTS. 


The weights of hydrogen observed in this series of experiments are given in 
the following table, which shows also the number of different observations of the 
equilibrium of the balance, counting all the different releases and arrests made at 


one time as but one observation. 


OBSERVATIONS WITH GLOBE 2. 





Date. Weight, gr. 
October 23-24 Exhausted 12 observations 14.2025 
November 4-7 Filled 21 < 13-4905 
March 27-29 Exhausted 9 . 14.1195 
April 6-11 Filled 20 ae 13.3579 

Renewed Jubrication. 
April 23-25 Exhausted 16 observations 14.1132 
April 28- May 1 Filled 17 es 13537700 
May 6-7 Filled 8 i 13.3490 

Renewed joint. 
May 8-9 Filled 10 observations 13.3760 
May ro-12._ Exhausted 8 - 14.1237 

OBSERVATIONS WITH GLOBE 4. 

May 28-29 = Filled 6 observations 18.4361 
May 29-30 Exhausted 7 7 20.0546 
June 5- 6 Exhausted 10 > 20.0542 
June g-t1_ Filled 8 " 18.3942 
June t1-13. Exhausted 3 - 20.0555 
June 20-21 Filled 10 be 18.3835 
June 24-26 Filled 7 i 18.3897 
July t- 2. Exhausted 5 is 20.0577 | 
July 3- 5 Filled 8 ? 18.4092 
July g-11 Exhausted 6 ‘s 20.0579 
July 13-14 Filled 9 s 18.3738 
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OBSERVATIONS WITH GLOBE 3. 


July 15-16 Exhausted 7 observations 29.9430 
July 17-18 Filled ‘1 Pe 28.2648 
July 19 Filled 3 = 28.2494 


OBSERVATIONS WITH GLOBE 5, 


July 12-13. Exhausted 6 observations 30.7055 
July 14-15 Filled 4 28.8641 
July 16-17. Exhausted 5 s 30.7042 
July 18-19 Filled 5 28.9660 


Combining the observations in the way which was thought proper at the time 
of the experiments, we get the following determinations of the weight of the hydro- 
gen in the globes. The table gives the pressures reduced to 0°, the readings of the 
thermometers reduced to the scale of 2053, the computed reading of the hydrogen 
air thermometer, the gross weight and the tare of the globes, their capacities at the 
temperature of the experiment, and the density computed ; the latter includes the 
correction for nitrogen given on page 59, and is computed for the sea level in 


a W 760 L G45 
latitude 45°, by the formula D = ——-. -(1 + .003661 t )—— 
Vig aol g 
Experi- Pressure. Temperatures. Weight Weight Volume,cc. Density, gr. 
ment. mm. Mercury. Air. Filled, gr. Empty, gr. 

I 730.96 18.68° 18.59° 13.4905 14.2025 8798.5 .089904 
2 783.33 19.33, 19.24" 13.3579 14.1195 8798.7 .089936 
3 754.09 15.95" 15.87" 13.3711 14.1132 8797.9 -089945 
4 770.13 13.62" 13.55 13.3490 14.1132 8797-3 .089993 
5 762.80 Ul 2e 17.04° 13.3760 14.1237 8798.1 .089974 
6 736.30 18.47° 18.38° 18.4361 20.0548 19822.9 .089941 
7 759-77 20.150 20.06° 18.3942 20.0548 19823.9 .089979 
8 764.87 19.94- 19.85° 18.3835 20.0555 19823.8 .089936 
9 765.30 20.71- 20.62° 18.3897 20.0577 19824.2 .089904 
10 760.02 22.00° 21.90° 18.4092 20.0578 18824.9 .089846 
II 772.09 20.41” 20.32° 18.3738 20.0578 19824.0 .089878 
12 775.88 20.65" 20.55- 28.8641 30.7048 21570.3 .089920 
1 761.70 21.43- 21.33° 28.2648 29.9430 20069.2 .089990 
14 734-99 21 Sls 21.41 28.9660 30.7048 21570.8 .089926 
15 768.63 21.21" 2X WL 28.2494 29.9430 20069.5 .089928 


If we increase the mean by one thirty-thousandth,* we get 


D = 0.089938 gr. + 0.000007. 
6.—TLYDROGEN, SECOND METHOD. 


In a second series of experiments, the manipulation was precisely like that in 
the third series of experiments on the density of oxygen, except in the preparation 
of the hydrogen. No examination of the hydrogen for impurities was made, since 


*See note, page 28. 
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the result of many previous examinations had shown how to obtain the gas with 
no measurable amount of impurity. 

It may be not without interest to consider how small an amount of nitrogen 
might be detected when mixed with hydrogen, If the hydrogen should be 
removed from the mixture by absorption, as carbon dioxide may be removed, it 
would be possible to detect a very small quantity. My measuring apparatus, for 
instance, would measure a considerably smaller quantity than the thousandth of a 
cubic centimetre. If, then, two litres of hydrogen were absorbed by some suppos- 
able reagent for the purpose, a two-millionth of nitrogen would be detected. But 
the case is different when the amount of hydrogen ina mixture must be determined 
by explosion with oxygen. In my experiments, two litres of hydrogen were 
reduced to ten cubic centimetres by absorption by means of copper oxide, but the 
remaining ten centimetres had to be measured, and the hydrogen determined by 
explosion, and the nitrogen determined by difference. With sufficient care, one 
ought to be able to answer for a hundredth of a cubic centimetre; for how much 
less, I have no means of knowing. 

But to detect a hundredth of a cubic centimetre, in the case supposed (and 
realized), means to detect a two-hundred-thousandth ; to this approximation, the 
examination was carried, in duplicate analyses, with the result that hydrogen con- 
taining less than this could be obtained in the usual working of the apparatus, 
except after fracture. The removal of nitrogen from the apparatus was then 
tedious, but the result was certain, and hydrogen of such purity is thought to have 
been used in all the experiments of this series. 

7.—SECOND METHOD. PREPARATION OF HYDROGEN. 

Hydrogen was prepared in this series of experiments in very nearly the same 
way as in the preceding; but some details were different. The hydrogen from 
the voltameter passed through an almost saturated solution of potassium hydroxide, 
over incandescent copper, througha tube one metre long and two anda halfcentimetres 
in diameter, which was filled with glass beads moistened with a strong solution of 
lead oxide in potassium hydroxide, then through three tubes of the same dimen- 
sions, filled with calcium chloride, with powdered potassium hydroxide, and with 
phosphorus pentoxide. Here was placed a manometer and a regulating stopcock ; 
all parts were connected by fusion, except where infusible glass had to be con- 
nected to the soft glass of the rest of the apparatus. 

When the tube containing palladium was to be filled, it was connected by 


fusion to the tube delivering pure hydrogen, and was heated. When it was so hot 
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that no absorption would take place, a current was passed through it, and this was 
continued for half an hour; care was taken to make this current pass through 
every branch of the connecting tubes so as to expel all air. When the exit of the 
hydrogen had been closed by fusion, the palladium was cooled, and hydrogen was 
admitted till its tension was equal to that of the atmosphere. Hydrogen was then 
again passed through the tube of palladium, escaping into the air for three hours, 
so as to remove any nitrogen which should have accumulated. When this had been 
accomplished the exit of the gas and the connection with the voltameter were then 
closed by fusion. The tube containing palladium had been from the first connected 


with the globe, but the passage had been stopped by a plug of fusible metal. 
$.—SECOND METHOD, FILLING GLOBES WITH HYDROGEN. 


When the globe and its connections had been exhausted to the desired degree, 
one of the fusible metal plugs which obstructed the connection with the supply 
of hydrogen was fused, and hydrogen admitted. When the pressure had become 
some few centimetres, the connection with the palladium was closed by fusion, and 
the globe was again exhausted. When the exhaustion was sufficient, a second 
fusible metal plug was removed, and hydrogen admitted till the atmospheric pres- 
sure was reached. The preliminary exhaustion of the globes was always such that 
less than a hundred-thousandth of air remained. For the second exhaustion, a 
vacuum of a thousandth was thought sufficient. 


9.—SECOND METHOD. MEASUREMENT OF PRESSURE. 


When the globe had been filled with hydrogen, the ice in which it stood was 
well heaped around it, and the cover replaced over the tank. Readings of the 
syphon barometer were made as in the case of oxygen. In all cases, the two levels 
of the mercury to be read were in the same perpendicular, and the scale used stood 
in contact with the glass tubes of the barometer, so as to minimize the effect of any 
want of parallelism in the directions of the motions of the reading microscopes. 

It will be seen that in all my experiments on the density of gases, their 
pressure has been determined without any communication between the gas and 
the atmosphere; contamination was therefore impossible. It was necessary that 
my work should be so arranged that it could be left at almost any point with. 
little danger of the loss of an experiment in consequence of the interruption, 

In the first series of experiments with oxygen and hydrogen, a mano-barometer 
was used, owing to the conditions of the experiment; but in all other experiments 


the two central tubes of the manometer, which together constituted a syphon 
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barometer, were used. In this case, the two readings of level were made on 
the same scale, because the two levels of the mercury were in the same 
perpendicular, 

The time during which oceasional readings of pressure were made varied from 


an hour to three or four hours. 
10.—sECOND METHOD. OBSERVATIONS AND RESULTS. 


As in the case of the third series of determinations of the density of oxygen, 
there was no room for the exercise of judgment in combining the observations. 
The experiments are also affected with a source of constant error, as will be 
mentioned in more detail ; so that there is the less reason for giving more than the 
pressures and weights observed, together with the density reduced to the sea level 


at latitude 45°, by the formula 


Dn =— ae foe L Gas 
Vasu Doel ot 
Experi- Volume. Pressure. Weight. Density. 
ment. cc. mm. gr. gr. 

I 8793.9 781.43 8132 -089977 
2 o 769.84 .8004 .089894 
3 764.72 7959 .089987 
4 : 756.59 -7871 -989949 
5 8832.1 770.52 .805 1 089951 
6 * 779-44 8145 .089960 
7 = 768.23 .8033 .0goo18 
8 20057.6 766.34 1.8176 .089909 
9 P 746.50 1.7714 .089953 
To —-:15 383-4 756.60 1.3773 .089974 
11 16517.2 Fong | 1.3900 .089922 
12 . 759.94 1.4873 .090093 
(3 = 768.44 1.5025 .090007 
14 - 756.25 1.4769 .089899 
15 a 757-87 1.4813 .089974 
16 15081.7 761.32 1.3576 .089g00 
17 . 760.24 T3552 .089869 
18 e 762.34 1.3631 .OQOl44 
19 2 760.44 1.3573 .089984 


If we increase the mean by one thirty-thousandth,* we get 
D = 0.089970 er, + 0.000011. 


11.—REMARK ON THE RESULTS OF THE FIRST AND SECOND SERIES. 





The degree of precision attained in weighing so light a gas as hydrogen in 
either series of experiments was of course not very great, and the two mean 
values obtained agree more closely than would be expected. Perhaps they are 
sufficient to show that the method of weighing hydrogen in globes exhausted with 


* See note, page 28. 
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mercurial pumps will give results not far from the value obtained. But they by 
no means show that this value is the truth. If we can trust to a method which 
seems free from objection, and which has been carried out with as much care as 
can well be used, the value here obtained is not far from one thousandth part too 
large. 


12.— HYDROGEN BY NEW METHOD. INTRODUCTION, 


The accidental errors of the measurement of the density of hydrogen by weigh- 
ing a given volume are considerable. A globe containing 1.8 grammes of hydrogen 
under standard conditions, and itself weighing not more than twelve hundred 
‘grammes, can be obtained, though with difficulty. The gross weight of the globe 
is then six hundred times the weight of the hydrogen to be determined by its use. 
It is true that the weight of the globe at any given stage of the experiment can be 
determined with an error of not much more than one tenth of a milligramme, and 
that in no long time, provided a pretty elaborate plant be employed. But it has 
not yet been found easy, I believe, by any one, to secure constancy of the weight 
of the globe and of the lubrication of its stopcock during the exposure to contact 
with water, which is necessary if a constant temperature is maintained in the 
usual way. 

It is possible to avoid the use of a stopcock on the globe in which a gas is 
weighed, and the manipulation for this purpose is not troublesome. — I had expected 
to make use of this method ; but a severe explosion broke nearly all my calibrated 
globes. It is probable that some increase in precision could be obtained by this 


method. For the globe, after filling with the gas, and after thorough cleansing, 


Oo 
g 
could be put in a desiccator, and kept on the balance till it was certain that all 
effects of contact with water had disappeared. It could then be exhausted without 
removal from the desiceator, closed by fusion, and again weighed. During both 
weighings, the globe would have a surface of continuous glass. Still,it is doubtful 
whether the labor of making a sufficient number of determinations would be well 
bestowed. 

For, unless elaborate precautions are taken, the efficiency of which remains to 
be proved, mercurial vapor may diffuse into the globe in which the gas is to be 
weighed. Until, therefore, we can dispense with the use of mercurial pumps and 
yet produce a vacuum of a few millionths, it seems necessary to devise some 
method of measuring the density of hydrogen in which the contamination of the 
gas with the vapor of mereury shall oceasion no error. 

The weighing of the hydrogen while it is absorbed in palladium, and 


measuring its volume and pressure in another vessel after expelling it from 
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the palladium seemed likely to give a more accurate value for the density than 
could be obtained in any other way now possible. My palladium would absorb 
about 3.8 grammes, and would give off as much as 3.7 grammes at atmospheric 
pressure, this quantity measuring over 40 litres. From the increase in net weight 
alone could be hoped some increase in precision; some from the decrease in gross 
weight, for the palladium tube with its contents weighed eight hundred grammes, 
while the larger globes weighed half as much more; some from the small surface of 
glass exposed ; some from the disuse of stopeocks and their lubrication, exposed 
as it is to so many accidents. But the principal gain hoped for was the fact that 
mercurial vapor would have no effect on the weight of the hydrogen used in the 
determination ; and its effect on the pressure and volume of the gas is negligible. 

Whether the improvement hoped for has actually been secured is now to be 
submitted to the judgment of those interested. 

The use of palladium for the purpose of obtaining pure hydrogen was, so far 
as I know, first suggested by Chirikoff. Its use for the purpose of accurately 
weighing hydrogen first suggested itself to me in 1882, so that I discussed the 
method with other chemists in 1883, and began preparations for the present work. 
The same method of weighing hydrogen suggested itself independently to Keiser, 
to whom belongs the eredit of first publishing results obtained by it ; questions of 
priority are of slight consequence, but it seems that to me belongs the credit of 


first inventing the method and beginning to work with it. 
13.— HYDROGEN BY NEW METHOD. APPARATUS FOR MEASUREMENT OF VOLUME. 


My stock of palladium foil would absorb about 3.8 grammes of hydrogen, and 
would give off about 3.7 grammes at atmospheric pressure. A volume sufficient to 
contain this amount was made up of three globes. They were placed so as 
to be used like one, while their individual capacities fell within the range of my 
plant for determination. These three globes were the globes numbered 1, 6, and 7, 


in the list of globes prepared for weighing gases by Regnault’s method mentioned 


on page 12. Of these, globe No. 6 had not been used before, for the reason 
mentioned on page 54. 

These three globes were placed in three cylinders, a, b, ¢, Fig. 28, surrounded 
with finely crushed ice, and these again placed in a larger cylinder, 7 7, 1.2 metres 
in diameter, and .9 metre high. This tank was surrounded with a non-conducting 
layer. The globes were now connected to a common inlet tube whose branches 
led, one to the syphon barometer, one to the self-acting Toepler pump, and one to 
the place for admitting hydrogen. The latter tube was closed by a fusible metal 


plug till the proper time. 
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The tube leading to the pump had to be closed during the introduction of the 
hydrogen and the measurement of its pressure in such a way that no leakage could 
occur, A glass stopcock can often be lubricated so that when closed it will not 
leak, but if opened and closed repeatedly it is liable to leak. In fact a stopcock, in 
all accurate work, ought to be considered as an instrument for reducing the flow of 


a current of gas. 





Fic. 23.—Apparatus for receiving hydrogen and measuring its volume and pressure at constant temperature. 

The connection between the measuring globes and the air pump was therefore 
made proof against leakage by using two stopcocks, and filling the space between 
them with mercury at the atmospheric pressure whenever it was desired to close 
the passage. The two stopeocks are shown at ¢, 7; a tube inserted at the lowest 
point between them led to the stopcock / and the funnel /, which was full of mer- 
cury. If the stopeocks ¢ and 7 were open and the tube between them free from 
mercury, a clear passage existed between the air-pump and the globes. When a 
sufficient vacuum had been obtained by the action of the pump, the stopeocks ¢ and 7 
were closed and / was opened. The pressure of the atmosphere then forced mer- 


cury from the funnel to fill the space between ¢ and f; when *& was closed. It is 
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obvious that leakage from the globes towards the air-pump could take place only 
as mercury was forced out from this closed space through the keys of the stop- 
cocks ; which would easily be detected by inspection. 

The apparatus met all reasonable expectations until a time when, as was 
afterwards found, the key of the stopcock ¢ formed an incipient crack, producing 


capricious and intermittent leakage. 
14.—HYDROGEN BY NEW METHOD. CAPACITY OF CONNECTING TUBES. 


It is obvious that when a weighed quantity of hydrogen was admitted to these 
globes, the connecting tubes and one branch of the syphon barometer had to be 
filled; so that the capacity thus added to the globes had to be determined. 
Part of these tubes was always at the temperature of the globes themselves, being 
covered with melting ice, while part was at the temperature of the room, or at the 
temperature of the water with which the barometer was surrounded. These two 
parts had to be determined separately. 

The tube leading to the barometer being closed by fusion, ¢, Fig. 24, a three-way 
stopeock, ¢, was fused to the tube for ad- 
mitting hydrogen shown at d. One branch 
of this was connected to an air-pump, and 
the other to a gas burette standing in sul- 
phurie acid. Water could not be used, for 
condensation of its vapor on the cold parts 
of the connecting tubes would cause error. 
First, the blank space between the key of 


the stopcock and the fusible metal at 7 was 








determined. This was done by exhausting 


this space by turning the stopcock into 


S 





the proper position, during which time the 


level of the acid outside and inside the 


Fic. 24.—Apparatus for determining volume of 
connecting tubes. 


burette was made the same, and the level 
read off. Then the degree of exhaustion was noted, and the key of the stopeock 
was turned so that the vacuous space was filled with air from the burette, the 
volume and temperature of which were also noted, after making the adjustment 
of level again. The volume of the air thus drawn from the burette was obviously 
equal to the volume of the exhausted space, after applying a correction for the 
imperfection of the vacuum, 

When a few concordant determinations of the blank space had been made, the 


fusible metal was removed by fusion, and the same determination made of the vol- 
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ume of the tubes between the three-way stopcock ¢, and the stopeocks of the 
globes, a a. But here the volume of the air drawn from the burette to fill the 
vacuous tubes had to be corrected for difference of temperature as well as for de- 
gree of exhaustion ; the determination was made with these tubes covered with ice, 
just as they were to be covered with ice in the measurement of the pressure of 
hydrogen in the globes. Afterwards, the three-way stopcock was connected in the 
same way to the tube leading to the barometer and its capacity determined. The 
level of the mercury was noted, and determinations of volumes made at different 
levels. Taking account of the degree of exhaustion and of the differences of tem- 
perature at the burette and at the barometer, if any, the volumes ‘contained to dif- 
ferent levels in the barometer were computed, and a table made showing them. 
The tube leading to the barometer, which had been separated, was now fused in 
place, and a few determinations made of the united volumes. 

As an example of the process is given the first determination made, 

Blank space, 0.3 ec. 

Connecting tubes which are kept covered with ice ; vacuum, 6 mm., burette, 19.0°. 
Air drawn in on opening stopeock, 48.1 ce., 48.4 cc., 48.5 c¢., 48.5 ce. ; mean, 48.4 ce, ; 
reduced to 0° and corrected for 6 mm., 45.6 ce., the capacity of the ice-covered tubes. 

Fused three-way stopcock to tube leading to barometer; blank space same as 
before. Air left in vacuum, negligible. 


Readings at Barometer. Readings at Burette. 
Exhausted 144.2 CC. at 21.0" 
Filled to 218.2 mm. at 19.2° 32.0 a 
Filled to 3242/0) alice 69.6“ eon 
Exhausted 149.3 20 .be 
Filled to BAe 2 erg 8h 75.0). 
Filled to 2r8i2 Yo Ngig- RTO hy 4 
Exhausted 148.4" 21.8° 
Filled to 2187. = \20,0- 36.8 “ ¢ 
Filled to 24 010m yo trees 7 Osha x 


The details of the computation are unimportant. The tubes were renewed 
several times; the table following gives their capacities at different dates : 


CAPACITY OF CONNECTING TUBES AT DIFFERENT DATES. 


Tubes kept in ice. Barometer and tubes leading to it. 
Mark. May-Oct. Nov.—April 
May 17 45.6 cc, 210 mm. 66.0 cc 66.3 cc. 
May 19 41.6 “ 220. 63.0 “ Oza 
October 31 4o.1 “ 230 “ 59.9 “ 60.2 “ 
November 6 36.5 “ 240) 56.9“ its 
January 18 Arete 250 “ 53-8 “ 54.2) = 
260 “ 50.8 * Bene 
270, = a7 7 48.1 “ 
280° © aalg 45.0 - 
290) i 41.6) = 42.0 
B00) ay 38.6 “ 38.9 “ 
Sto 35-5 | 35-9 | 
oe “ 32.5 «& 32.8 « 
33° 29.4 29.8 
340 “ 26.4 “ 26.7 “ 
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15.—HYDROGEN BY NEW METHOD. EXHAUSTION OF GLOBES. 


When the capacity of the connecting tubes had been determined, the stop- 
cocks of the globes were opened, the pump was set in action, and a sufficient 
exhaustion obtained and measured with the McLeod gauge which was mentioned 
on page 18. The measurement was not made till about half an hour after the 
pump had been stopped. The automatic pump by acting during one night would 
produce a vacuum of ten, twenty, or forty millonths, according to circumstances ; 
when acting through one day and two nights, it would leave from two millionths 
to three ten-millionths of an atmosphere. But such a degree of exhaustion was 
unnecessary in experiments in which simply the increase in pressure due to the 


admission of a known weight of hydrogen was to be determined. 


16.—HYDROGEN BY NEW METHOD. MANIPULATION OF TUBE CONTAINING PALLADIUM. 


It was thought to be of prime importance to use on the tube containing palla- 
dium no stopcock requiring lubrication or admitting the possibility of leakage. 
It is necessary to determine the volume of this tube before and after each expert 
ment. If the lubrication of the stopcock is exposed to water during the hydro- 
static weighings, a source of uncertain error is introduced. It would be possible 
to wait till the effect of this exposure should be thought to have passed off, or to 
immerse the palladium tube only to a certain mark in the hydrostatic weighing. 
But the manipulation without any stopeock is easy and more accurate, and was 
always used in the experiments of this series, and in all the following experiments 
by this method. 

A strong argument in favor of dispensing with the stopeock is the difficulty of 


knowing that, in a given case, the stopcock did not leak. A stopcock is often 
found, after an experiment, not to have leaked. I have repeatedly exhausted a 
globe, weighed it, connected it again to the pump, exhausted the connecting tubes to 
the same degree as before, and then have opened the globe and again measured the 
sacuum. When the lubrication was freshly applied, not infrequently the amount 


eligible. But 


a 


of leakage in one, two, or even four days has been found to be ne 
these stopcocks were of very special dimensions ordered for the purpose, and even 
these often leaked, causing great annoyance and loss of labor, If some such meas- 
urement, or other proof that leakage has not taken place, cannot be applied, it 
would be necessary to use some method which should entirely eliminate leakage. 
The tube holding the palladium was therefore arranged as shown in Fig. 25. 
At dis the tube by which hydrogen is admitted ; at ¢ is a drying tube, filled with 


phosphorus pentoxide; at g isa plug of fusible metal, at his a small bulb filled 
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with asbestos, to prevent loss of fusible metal by projection when melted. @is a 
ground joint by which the tube can be connected with other apparatus. The tube 
between y and the point / is exhausted and then closed at & by fusion, and a notch 


made between z and /. 











Fic. 25.—Palladium tube with no stopeock. 


When the palladium is to be charged with hydrogen, 7 is fused to the source of 
the gas, and the palladium is heated. When the temperature is such that no absorp- 
tion would take place, hydrogen is passed through the tube from d to a, the tube 
having been broken off at this point. The heat is raised, and the current 
continued for half an hour, when @ is closed by fusion, and the heat withdrawn. 
Hydrogen is admitted from an apparatus in which it is produced by electrolysis of 
sulphuric acid in voltameters, and then freed from oxygen, and compounds containing 
oxygen, by passing over heated copper, potassium hydroxide, and phosphorus 
pentoxide. When the pressure of the gas in the palladium tube becomes equal to 
that of the atmosphere, the point @ is again broken off, and the current continued 
for three or four hours; during part of this time, the gas is allowed to escape at f. 
By this long-continued passage of the gas escaping at @ and 7, it was hoped to 
remove very nearly all the nitrogen which, if once present in the gas, would not 
be removed by the purifying train. Since the tension of the gas in the palladium, 
especially when it is saturated, is considerable, the removal of the nitrogen with 
the air-pump cannot be effected. : 

When the charging with hydrogen is completed, the ends ¢ and 7 are closed 
by fusion, and the connection with the source of hydrogen at d is closed in the 


same way, when the palladium is ready for weighing. 


L7.—HYDROGEN BY NEW METHOD. HYDROSTATIC WEIGHING OF TUBE CONTAINING 
PALLADIUM. 


When the tube was charged with hydrogen, and closed by fusion, its volume 
was determined by hydrostatic weighing in a way which calls for no remark, The 
tube exposed nothing to the water but a continuous surface of glass. It was there- 
fore not likely to suffer much change of weight by immersion, The tube was of 
the common German glass; it would now be possible to construct it of one of the 


new sorts of glass which resist the action of water in a much greater degree. But 
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the exposure to water lasted less than two minutes, and solubility of the glass was 


SS 


thought to be negligible. 


18.—HYDROGEN BY NEW METHOD. WEIGHING THE TUBE CONTAINING PALLADIUM. 


The tube containing palladium was weighed against a counterpoise of nearly 
equal volume and weight. The volumes on the two pans of the balance were then 
made equal within the twentieth of a cubic centimetre by means of the small 
equating flasks of various volumes but of weights made equal if weighed in a 
vacuum, which were mentioned on page 48. The tube of palladium was hung on 
one of the auxiliary pans of the reversing mechanism shown in Figs. 16 to 19, on 
pages 88 to 41, and its counterpoise on the opposite pan, the equalizing flasks were 
added, and the weights were laid on the pan which carried the palladium. After 
the closet had been shut for an hour, weighings were made by reversals just as in 
the second and third series of determinations of the density of oxygen. Weights 
smaller than ten milligrammes were not put on the auxiliary pans, but were put on 
the pans of the balance itself; the fractions of a milligramme were determined by 
observation of the value of a seale division and computation from the position 
of equilibrium in the two weighings by reversal. Four weighings at suitable 


intervals were thought sufficient; but sometimes time was allowed for more. 


19.—HYDROGEN BY NEW METHOD. INTRODUCTION OF HYDROGEN INTO THE GLOBES. 


The palladium tube was put in an iron trough containing magnesia, and laid 

Be I 5 5 5 ’ 

on the furnace where it was to be heated. The point #4, Figs. 25 and 26, was 
IE , oo ’ 

broken off at the notch previously made, and f 


scrutinized to see if some minute fragment 








were detached. Air was in this way admitted 
as far as the plug gy. To the ground joint 7, 
was then cemented the corresponding joint /, 


and this was then fused to the tube m n o p, 





Fig. 27, by which hydrogen was to be admit- 
5 ? “ oJ 5 


7 


: Se ee 
; che @lobes: a ao 8 Q Si .as . : : 
ted to the globes » 9 in k Ig. 4( 18 the same as Fics, 26 and 27.—Palladium tube, ready to connect 


to apparatus. Palladium tube, connected to 


/ 1 LY oe 93 rn oT. TQq a A ¥ 
d m ] Ig. IDs The aut pump was the n cou apparatus, connection exhausted, 


nected to n, Fig. 27, the space betwen gy and 0 was exhausted, and the connection 


with the pump was closed by fusion. After some few minutes, the fusible metal 
valve at 0, Fig 27, d, Fig. 23, was opened by fusion; if the joint at J, Fig. 27, 
and the fusible valve at y were tight, the fused metal would not be forcibly pro- 


jected. Before this time the vacuum in the globes had been measured, and the 
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connection with the pump had been closed. The fusible metal plug g was now re- 
moved, and the palladium was heated. 

When the delivery of gas ceased, d, Fig. 23, was closed by fusion. As 
the palladium cooled off, most of the hydrogen remaining between g and 0, Fig. 
27, was absorbed. If the vacuum obtained originally in this space was equal 
to the vacuum produced by this re-absorption, this blank space had absolutely 
no effect on the experiment. When the palladium was cold, the tube was 
closed by fusion at g, Fig. 25, 7 was separated from the joint /, Fig. 26, and 


cleaned, and the whole was made ready for weighing. 
20.—1IYDROGEN BY NEW METHOD, MEASUREMENT OF PRESSURE. 


When d, Fig. 23, had been closed by fusion, the pressure of the gas in the 
globes was determined by observations of the syphon barometer, just as in series 
second. Ice was heaped around the connecting tubes as shown above e¢, and the 
ice around the globes was renewed. ‘Then readings were taken, as has already been 
sufficiently described. 

The readings were continued at intervals for one hour; sometimes, in test 
cases, for a day, but there never seems to have been reason for suspecting the 
accuracy of a reading taken after fifteen minutes from the end of the filling, 


when the ice had been renewed an hour previously. 
21,.—HYDROGEN BY NEW METHOD. SECOND WEIGHING OF THE PALLADIUM. 


The tube containing the palladium now consisted of three parts: the large 
part, closed again by fusion, the short tube containing the asbestos, and the point 
which had been broken off at %, Fig. 26. The small parts were commonly united 
by fusion. The large part again presented a continuous surface of glass ; its volume 
was determined by hydrostatic weighing. The volume of the smaller parts was 
computed from their weight and specific gravity. In some earlier experiments for 
a different purpose, the volume of the palladium tube was changed a little by the 
heat which expelled the gas; but this did not occur in any experiment of this 
series. If any change had oceurred, the second hydrostatic weighing would have 
shown its amount. 

The tube was now weighed against the same counterpoise as before, with the 
exception that the flasks for equalizing volumes were not the same as before. A 
larger volume of weights was now required,and the palladium tube was smaller by 
the capacity of the part between gy and 4, Fig. 25, which was closed when first 
weighed, but was now open to the air. These effects nearly counterbalanced 


sach other. 
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22.—HYDROGEN BY NEW METHOD. VERIFICATION OF ACCURACY OF WEIGHTS. 


The accuracy of the weights used for determining the weights of hydrogen 
received careful attention. I determined the relation of each weight of two addi- 
tional sets of small weights to the kilogramme of the set marked K, on which all 
my determinations of volume depend. Then determinations of weights of hydrogen 
were made with all these four sets of weights ; so that it is improbable that any 
serious error is due to the uncertainty of the values of the weights employed. I 
moreover determined the relation to the same kilogramme of two other sets of 
small weights which were kept simply for the purpose of comparing them with the 
weights which were used in weighings, so as to detect any accident to any of 


o 
S 


these. 
_23.—HYDROGEN BY NEW METHOD. REDUCTION OF OBSERVATIONS, 


The readings of the barometer were corrected by means of the table given by 
Landolt and Boernstein. The corrected numbers are called observed values. To 
the capacities of the globes at 0° was added the capacity of that part of the con- 
necting tubes which was always covered with ice. The volume contained by the 
syphon barometer down to the mark noted was taken from the table on page 68, 
and reduced to the volume which that amount of gas would have at 0°. The three 
or four cubie centimetres which were not below the water level of the case sur- 
rounding the barometer were assumed to be at the temperature of the barometer ; 
which was near enough to the truth. The sum of these three volumes made up the 
observed volume. The observed temperature is that of melting ice; the elevation 
of the cistern of the barometer introduces a correction of less than five thousandths 
of a millimetre of mercury. We have therefore 


Weight of one litre of hydrogen _ W 760 G, 


at sea level, latitude 45° eee knee cre ai 





24. HYDROGEN BY NEW METHOD. OBSERVATIONS AND RESULTS. 


The table gives the observations of the third and fourth series, together with 
some observations which were unsuccessful on account of various slight accidents 
or unforeseen circumstances. Five columns define the volumes which are to be 
added to the calibrated capacities of the globes; these show the mark at which the 
mercury stood in the barometer, the temperature here, the volume corresponding 
this volume reduced to 0°, and the volume of the tubes which were covered with 
ice. Next is shown the volume of the globes, the total volume, the pressure 
reduced to 0°, but uncorrected for the length of my bar, the observed weight of 


hydrogen, and the density computed for the sea level in latitude 45°. 
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PRELIMINARY. 
May 13 345.8 17.3° 24.7 23.3 45.6 42.1111 42.1800 603.07 3.0092 .089946 
17 236.1 18.3 58.1 54.4 45.6 42.1111 42.2111 750.64 3.7470 .o899T5 
19 236.7 20.1 57.9 53-9 41.6 42.1111 42.2066 744.97 3.7169 .089881 
20 236.7 189 57.9 54.2 41.6 42.1111 42.2069 747.46 3.7302 .o8ggo01 
22 246.8 18.7 54.4 51.4 41.6 42.1111 42.2041 736.59 3.6775 .089945 


SERIES THIRD. 


1 May 23 249.1 18.6 54.1 50.6 41.6 42.1111 42.2033 738.55 3-6843 .089874 
25 250.7 18.2 53.6 50.2 41.6 42.1111 42.2029 737.86 3.6815 .089891 

26 243.2 17.3 55.9 52.6 41.6 42.1111 42.2053 747.72 3.7307 .089886 

27 277-5 15.9 45.4 42.9 41.6 42.1111 42.1956 705.41 3.5180 .089866 

29 262.1 16.1 50.2 47.4 41.6 42.1111 42.2001 724.88 3.6173 .o89911 

31 250.2 17.2 53.8 50.6 41.6 42.1fTI 42.2033 743.45 3.7080 .089856 

June 1 264.5 18.4 49.4 46.3 41.6 42.1111 42.1990 721.94 3.6026 .o89912 
2 252.8 18.8 53.0 49.6 41.6 42.1111 42.2023 739.53 3.6890 .089872 


On An fw nv 


SERIES FOURTH. 


1 Oct’r 19 282.7 21.6 43.9 40.7 41.6 42.1111 42.1934 704.43 3.5171 [.089972] 
23. 249.9 21.0 53.8 50.0 41.6 42.11II 42.2027 742.83 3.7057 .089877 
25 253.0 22.3 52.9 48.9 41.6 42.1111 42.2016 740.66 3.6944 .089867 

31 254.8 19.6 524 48.9 41.6 42.1111 42.2016 740.84 3.6973 .089916 

Nov'r 2 251.2 21.5 53.4 49.5 41.6 42.1111 422007 738.33 3.6790 [.089777] 
4 236.5 22.5 57.8 53.4 41.6 42.1111 42.2046 743.53 3.7080 .089846 


Au Wh 


If we increase the means by one thirty-thousandth,* we have 


Series IIL, D, = 0.089886 gr. = 0.000004 9 
Series IV., D, = 0.089880 gr. + 0.000008 8 


25.—HYDROGEN BY NEW METHOD. SOURCES OF ERROR. 


If, after measuring the vacuum in the globes, leakage occurred, the pressure of 
the hydrogen in the manometer would appear too great, and the density, therefore, 
too small. Now it is believed that in experiment 5 of series iv. this accident occurred. 
The key of stopcock e, Fig. 23, was found, afterwards, to have formed an_in- 
cipient crack at some previous and unknown time, and leakage from this cause had 
become so troublesome that, unable to detect the real source, and ascribing it to 
the wrong source, I broke up the apparatus and made a new one in which leakage 
was impossible, and in which it never took place. This crack was in such a posi- 
tion on the key that the leak was likely to be developed only when the stopcock 


* See note, page 28. 
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was closed, and only when, in closing, 


the crack was turned towards the globes. 
This determination ought fairly to be rejected, although there was no means of 
knowing, at the time, that leakage was actually taking place. 

There were some accidents which might make the weight of a litre of hydro- 
gen appear too high. In breaking off the point 4, Fig. 25, an unnoticed fragment 
might be lost. The asbestos in /, if not properly adjusted, might permit the escape 
of a globule of the melted metal. If the moisture absorbed by the asbestos during 
the construction of the tube was not removed during the first exhaustion of the 
space g hk, Fig. 25, it would be given off with the hydrogen. Either of these 
would make the weight of the hydrogen expelled from the tube appear too great. 
It was thought that the first experiment of series iv. was in error from the first of 
these causes, though the evidence was not so conclusive as to lead to the instant 
abandonment of the experiment. 

Five experiments were made before the proper conduct of the experiment was 
mastered. The mishaps were various, and perhaps do not need to be detailed. 


The observations are given, though they are not used in obtaining the final mean. 


26.—HYDROGEN BY NEW METHOD. SECOND APPARATUS. 

The determinations of series iii. were made as soon as the apparatus was put 
together and the preliminary experiments finished, and while the apparatus was in 
perfect order. The stopeocks showed no leakage even in a somewhat protracted 
test. But after an absence during the summer, much trouble was experienced, of 
which the true cause was not easily learned. Leakage appeared, sometimes slow, 
but sometimes rapid or capricious, so that many experiments were abandoned at 
different stages. Fresh lubrication of the stopeocks not helping much, they were 
surrounded with rubber capsules holding glycerine. This stopped the leakage 
long enough to get the results of series iv., but the leakage then became so capricious 
that sometimes an action of the pump which ought to have given a vacuum of one 
millionth left one or two thousandths instead. The apparatus was broken up and 
replaced with one which should be proof against leakage ; some time afterwards 
the nature of the difficulty was learned. The crack in the key of the stopcock 
caused the small leak. The rubber capsules holding glycerine, by continued pres- 
sure, gradually loosened the key of one stopcock, admitting glycerine, then water, 


and finally air; hence the larger and capricious leakage. 


97.—HYDROGEN BY NEW METHOD. SECOND APPARATUS. CAPACITY OF GLOBES. 


It will have been noticed that the stopeocks of the three globes, Fig. 23, 


were useful only during the measurement of the capacity of the connecting tubes. 


ee ee 


76 DENSITIES OF OXYGEN AND HYDROGEN 


The stopeocks leading to the pump could be easily replaced by a U-shaped tube 
filled with mercury when the passage was to be interrupted, and the stopcocks of 
the globes could be replaced with plugs of fusible metal. 

Three globes were therefore arranged as shown in Fig. 28. At m,n, were 
plugs of fusible metal closing the tubes which connect the globes to the other appa- 
ratus. Each globe was weighed in air and then in water before these tubes were 
applied, and before the necks of the globes were drawn out ; from which could be 
computed the solid contents of the globe, or rather the specific gravity of the glass 
of that globe. The globes were then brought to the form shown in the figure, but 
with the horizontal tube only a few centimetres long, and were again weighed in 
air and in water so as to determine their external volume, just as in case of the 
globes used for oxygen. The weighing being repeated at a different temperature 
the capacities of the globes were thought to be sufficiently well determined. 

The table gives the data of the experiments together with the capacities 
inferred. Weights are corrected for air displaced by objects weighed and by 
weights used; temperatures are made to correspond with the true scale of a ther- 
mometer of mercury in Jena normal glass. 


GLOBE. WEIGHT IN AIR. LOSS IN WATER. TEMPERATURE. CAPACITY. 

Grammes. Grammes. Degrees. Cubic Centimetres. 

A 9169.2 0.32 9170.2 

9164.9 16,10 9179.3 

9165.2 15.50 9169.9 

18575.4 0.31 18577.3 

18566 4 16.05 18577.2 

G 16968.9 0.26 16970.7 

16961.1 16.00 169709.9 

922.79 372.24 19.0 372.6 

923.23 372-36 17-3 372.6 

Closed 933.29 Computed volume 376.9 

B 1295.93 522.80 19.0 523-3 

129593 522.90 17.3 523-3 

Closed 1303.95 Computed volume 526.5 

¢ 1368.41 551.92 19.1 552-5 

1368.41 552.02 17.4 552.4 

Closed 1377.11 Computed volume 556.0 


From the foregoing determinations of the external volume and solid contents 


of each globe, we get the capacities as follows: 


Cubic Centimetres. 





Capagctty of (AU re ioccira ci ofa < etre taco lve Satie ar tee 8793.2 
Capacity, of Betis.ts scien accu erict scisus sito DeLee eee 18050.7 
Capacity Of C1. ieet one star retain ater ise emia ee rere 16414.8 

SOULTID sfeie se ie vehals foneildcan stows al miicrs Loker folate Sealer aes op enn 43258.7 


This is the value to be used for the experiments (on another matter) after 
January 18th, But during the experiments of this series, there were 18 grammes 
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of mercury in globe A, introduced by slight accident. The volume to be sub- 
tracted from the capacity of the globes is therefore 1.3 cubic centimetres, and the 
effective capacity during the experiments of this series was therefore 43257.4 cubic 


centimetres. 


28.—HYDROGEN BY NEW METHOD. SECOND APPARATUS. CONNECTION OF GLOBES TO 
PUMP AND BAROMETER. 


The globes called A, B, and C were now placed in the cylinders which were 


to protect them from the contact of large fragments of ice, and were packed in 


me) 
oO 


finely crushed ice, and connected as shown in Fig, 28. ‘The tube ¢ led to the 











FG. 28,—Second apparatus for receiving hydrogen and measuring its volume and pressure at constant temperature : 


globes without stopcocks. 


upper edge of the tank where it joined the mercurial valve shown at fy /, which 
was interposed between the globes and the pump. At ziwasamark. In measure- 
ments of the pressure of hydrogen in the globes, the level of the mercury in the 
mercurial valve was always brought to this mark, All the tubes between this 
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mark and the globes were covered with ice during the measurement. The tube ¢ 
led to the barometer, and d was for the admission of hydrogen. 

The valve between the globes and the pump consisted of a U-shaped tube, 7 g, 
which could be filled with, or emptied of, mercury by means of the tubes and 
stopcock shown in connection with it. Suppose the globes to have been exhausted 
and the pump to be ready to shut off, the stopcock 7 was opened, when mereury in 
k was raised by atmospheric pressure, passing first into the vacuum in /, where any 
air accompanying the mercury would be stopped. From here, the mercury passed 
into the U tube, 7 g, and filled it to near the top of the enlargement 7. If now 
the globes are filled with gas, its pressure will force the mercury up the tube g 
leading to the pump, but leaving the U tube filled above thé bend. When pressure 
was to be measured, the stopcock 7 was opened, and pressure applied to the surface 
of the mercury in the flask % so as to force mercury up to the mark at 7. 

When it was desired to exhaust the globes again, the mercury was brought to 
stand in the lower part of the enlargement, and the point o was cut off and replaced 
with a tube prepared to be closed by fusion. A Bianchi pump was connected to 
this and the globes were exhausted to three or four millimetres, when the connec- 
tion was closed by fusion, leaving the glass as shown in the figure. The air-pump 
was then applied to the flask and the stopcock 7 opened, when the mercury left the 
bend of the U-shaped tube free. The Toepler pump then continued the exhaustion 


of the globes. 


29. 





HYDROGEN BY NEW METHOD. SECOND APPARATUS. CAPACITY OF 
CONNECTING TUBES. 


Before the valve fg, Fig. 28, was fused to the tube 7, it was sealed off a little 
below the mark ¢, and filled with mercury to this mark. Then the capacity of the 
tubes between this mercury and the fusible metal plugs near the globes was deter- 
mined just as in the previous case; the values obtained have already been given 
on page 68, After the determination was completed, the fusible valves were 


opened, and 7 g connected by fusion, when the apparatus was ready for use. 


30,—HYDROGEN BY NEW METIIOD. SECOND APPARATUS. REMAINDER OF THE 


PROCESS. 


The rest of the process was in every respect like that in the preceding series 
of experiments. The only differences have been noted; the pleasure of working 
With an apparatus which could leak only by fracture was great. Several verifica- 
tions were made of the fact that there was no appreciable leakage ; it will suffice 


to give one. The apparatus was exhausted, and the vacuum measured with the 
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McLeod gauge. Then it was left at rest for twenty-four hours, and the vacuum 
measured again, with the following result : 

December 11. Exhausted apparatus; at 9 a.m, vacuum three ten-millionths. 
Left at rest. 

December 12. Measured vacuum left undisturbed since yesterday. Vacuum 
at 10.80 a.m., three ten-millionths. 


It is obvious, therefore, that leakage had been eliminated. 


31.—HYDROGEN BY NEW METHOD. SECOND APPARATUS. REMARKS. 


With this apparatus eleven determinations were made, none being lost by 
reason of accident to the apparatus, in which the probable error of the determina- 
tion of the density of a gas so light as hydrogen was only one part in eight 


> 
thousand for a single experiment. The agreement of the results with those of 
series third and fourth, depending as they do on entirely different calibrations of 
different apparatus at an interval of months, leads me to hope that they are not 
seriously in error. 

It is a misfortune that it was not possible to make one or two more series of 
determinations, with new apparatus, or with new determinations of the capacity 
already involved, so setting at rest any remaining doubt. But to the patience and 
courage and endurance and powers of recuperation of a single person laboring 
without assistance at a matter confessedly so difficult, there are limits already too 
nearly reached. 

The nature of the reduction in this series is precisely the same as in the pre- 
ceding, using only the altered values for capacity of the globes and of the tubes 
connected with them. The sources of error are the same, except that leakage could 
take place only by carelessness in constructing the fusible metal plug which closed 
the apparatus during the exhaustion, or of the connection by which hydrogen was 
admitted to the globe; which was easy to detect, and did not occur. The other 
sources of error, also, it is thought, were avoided throughout this series of determi- 


nations. 


32.— HYDROGEN BY NEW METHOD. SECOND APPARATUS. OBSERVATIONS AND 
RESULTS. 
The observations and results of the fifth series of determinations are given in 


oO 


the following table, which is in all respects like that at page 74, which may be 
consulted for explanations. The values computed for the density of hydrogen are 


for the sea level in latitude 45°, 
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1 November 23 231.9 22.9" 59.6 55.0 36.5 43.2574 43.3489 725.40 3.7164 .08986! 
2 > 20 = 230.7. 18.0 60.0 56.3 36.5 43.2574 43-3502 72813 3.7314 .089877 
3 E 2906 «228.5 23.5 60.7 55.9 36.9 43.3498 43.3498 723.05 3.7048 .089870 
4 December 2 240.7 19.0 57.0 53.3 36.9 43.2574 43-3472 726.42 3.7217 .089867 
5 i. 7 240.6 19.8 57.0 53.1 36.5 43.2574 43-3470 728.05 3.7289 .089839 
6 H 9 231.3 20.7 59.8 53.6 36.5 43.2574 43-3495 726.36 3.7219 .089874 
7 : 12 239.5 19.5 57-4 53:6 36.5 43.2574 43.3475 725.30 3.7158 .089864 
8 se 14 237.3 22.7 58.0 53.5 36.5 43.2574 43-3474 727-71 3.7290 .089883 
9 es 18 234-7 22.9 58.8 54.3 36.5 43-2574 43-3482 722.54 3.7004 .089830 
10 ms at 261.7 22.1 50.7 46.9 36.5 43.2574 43.3408 722.93 3.7037 089877 
i a 27. 240.6 19.3 57.0 $3.2 36.5 43-2574 43.3471 721.90 3.6979 .089851 


If we inerease the mean by one thirty-thousandth,* we shall have 


D,, = 089866 + 0.000003 4. 


33,—ILY DROGEN, FINAL RESULT FOR ITS DENSITY, 


The results of five series of determinations of the density of hydrogen at nor- 


mal temperature and pressure at the sea level in latitude 45° are ; 


Series [., Dy =.089938 gr. 
Series I1., Dj, =.089970 gr. 
Series III., D, =.089886 + ,coooo4g gr. 
Series IV., D,, =.089880 + .co00088 gr. 
Series V., Dj, =.089866 + .co00034 gr, 


It is believed that the results of series first and second are affected with some 
souree of constant error, It is supposed that this is due to the entrance of mer- 
curial vapor into the globes in which the hydrogen is weighed. The remaining 
series of determinations are free from at least this source of error; until further light 
on the matter is secured, they give the best value of the density of hydrogen 
which Tecan obtain. No ground for preference of one result over the others is 
known except what is to be inferred from the magnitude of the deviations from the 
mean value in each series, so that they may be given weights as indicated by the 


probable errors. We then have as a final value : 


DD, = 089878 gr, & 0000027, 


* See note, page 28. 


PART II1T.—ON THE VOLUMETRIC COMPOSITION OF WATER. 
1.—INTRODUCTION. 


A knowledge of the density of oxygen and hydrogen is important, even with- 
out reference to the further question of atomic weight. But my principal object 
was to use these determinations to determine the latter. For this purpose, it is 
necessary to know also the ratio of the volumes in which the two gases combine to 
form water, the measurement to be effected im conditions nearly the same as those 
in which the volume and pressure were measured in the determination of density. 
This ratio [ have attempted to measure by eudiometric methods. My apparatus 
for the purpose was made about fourteen years ago, but if was never used with 
oxygen and hydrogen till the measurements which were published in 1891.* — Before 
this, the manipulation of the apparatus had been mastered in a long series of 
analyses of air. The errors of measurement of a volume of gas with this apparatus 
depend on the errors of determining temperature, and on the error in reading the 
level of the mercury in the eudiometer; for the error at the top of the manometric 
column of mercury is, by the use of suitable means of exact setting, made evanescent 
in comparison with the other two errors. These two sources of error cannot be 
well separated. Buta discussion of all the analyses made up to a certain date 
showed that if the probable error of volume in measuring a gas be attributed to 
either one of these sources, supposing for the moment that the other error did not 
exist, then the probable error of level was less than the hundredth of a millimetre, 
or the probable error of temperature was less than the hundredth of a degree. Why 
therefore any one should eall it an objection to my measurements that I read the 
level to the two-hundredth of a millimetre is incomprehensible. 

The reason why my measurements do not agree with those of Scott is not yet 
explained. He says that the reason is to be found in the presence of ethane in my 
hydrogen, due to the electrolysis of impure hydroxide; but [ never used potassium 
or sodium hydroxides ; as my paper states, | abandoned their use during my pre- 
liminary experiments. Carbon dioxide was always sought for, and all which I found 


* American Fournal of Science, 41, 220. 
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is set down in the table of results in my paper. Nor were my measuring tubes too 
wide for accurate measurement. The fact that my results were consistent shows 
that the probable error of a measurement was small, as is computed in the paper. 

At the time when the paper was published it was thought, with what still 
appears to be good reason, that the atomic weight of oxygen is very nearly 15.88. 
There was also fairly good reason for supposing that the ratio of the densities of 
the two gases was but very little greater than 15.88; Lord Rayleigh had obtained 
the value 15.882, and I had obtained the value, 15.879. My value for the volu- 
metric ratio therefore seemed consistent with other data, except with what is known 
of the divergence of hydrogen and oxygen from Boyle’s law. 

But the case is now altered. Scott’s excellent work* yields the value at 
0°, 2.00285. Ledue by two experiments obtains the value, 2.0037. For the ratio 
of the densities, Lord Rayleigh’s discussion of the published data give the densities 
of the two gases, at Paris, as 1.42961 gr. and .08991 gr., the ratio of which is 15.900. 
Further, the best result to which I could come from my own experiments, a year 
ago, is, that the densities at sea level in latitude 45° are 1.4289 gr. and .08987 gr., 
whose ratio is 15.900. Now if the atomic weight is 15.88 and the ratio of densities 
is 15.90, the ratio of the volumes is not far from 2.0025. 

It is therefore obvious that whatever physical constant is involved in my 
former determination, the value obtained in the eudiometer by measurement of 
gases saturated with aqueous vapor cannot be applied to pure oxygen and hydrogen 
collected in globes whose dimensions are so different from those of the measuring 
tubes. 

Now, it seems probable that, if sources of constant error can be eliminated, an 
accurate knowledge of the volumetric ratio, combined with the ratio of the densi- 
ties, would give a value of the atomie ratio which might not be very far behind the 
methods hitherto employed, either in trustworthiness or even in precision. It was 
accordingly adjudged worth while to prepare apparatus for three new determina- 
tions by three different processes. The apparatus for two of these new processes 
has been constructed, and the other could be put together for use in a week. 

In the first proposed method, the volumes of oxygen and hydrogen which are 
to be combined, in order to determine the excess of either, were to be measured in 
the same globes which were used for weighing the gases. Two globes were to be 
filled with hydrogen while they were surrounded with ice, and the pressure was to 
be measured. A globe was to be filled in the same way with oxygen. ‘The three 
globes were to be of such capacities and the pressures were to be so adjusted, that 
very nearly thirty litres of hydrogen and fifteen litres of oxygen were to be 


* Philosophical Transactions, 184, A, 543 (1893) 
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used. After the measurement had been made, they were to meet im a vacuous ap- 
paratus at two platinum jets and be mostly combined. The residue, when the 
pressure was too small for combustion to continue, was to be transferred by a self- 
acting leakage-proof Toepler air pump to a eudiometer, where eight hundred cubic 
centimetres of electrolytic gas have been safely exploded. After all but ten cubic 
centimetres had been exploded in this way, the residue was to be transferred from 
this eudiometer to a common Bunsen eudiometer, and analyzed. The apparatus is 
set up, ready for use, and it has been used, though no experiment has been fin- 
ished, and there is no difficulty in its use, and since so much is self-acting it is not 
very laborious. But, as I have not had time uninterrupted enough, nor nerves 
steady enough, to finish, without assistance as I am, even a single experiment, the 
apparatus had to be broken up, unused, for lack of room. 

The apparatus which is nearly ready is designed to measure in the same ves- 
sel three nearly equal volumes of hydrogen and oxygen, each of about 2.6 litres, 
and to combine them by combustion from platinum jets in a space containing a part 
of the measured volume, and afterwards to transfer the remainder to a eudi- 
ometer for analysis. It is completed, except building a pier and putting together 
the apparatus; whether it will be used is doubtful. 

The third method, which, with the apparatus already set up for other pur- 
poses, was easiest to carry out, has been successfully employed in a series of ten 
determinations. Unfortunately, it is that one of the three which, on account of 
the uncertainty in some of the constants needed in the reduction of observations, is 


the least helpful. The experiments by this method will now be described. 


2?.—METHOD EMPLOYED. 


It will be reealled that Leduc made two experiments, in which he decomposed 
an alkaline hydroxide by electrolysis, and measured the density of the mixed gases. 
From this could be computed the ratio of the volumes of the components. 
No determination seems to have been made whether the electrolytic mixture would 
recombine without residue; which very much needs proof in any experiment claim- 
ing precision. If the numbers given in Comptes Rendus, August, 1892, page 319, 
are correctly printed, the reduction fails to take into account the physical conditions 
involved. 

Having the apparatus with which the fifth series of determinations of the 
density of hydrogen was made, I resolved to make a determination by means of 
the process used by Leduc, but with material modifications. One consisted in 


avoiding the contamination of the gas with mercurial vapor, by weighing, not a 
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vlobe full of gas, but a voltameter from which the gas was delivered. Secondly, 
the composition of the gas, after weighing and measuring pressure, was determined 
by adequate eudiometric analysis. Lastly, in the computations of the composition 
of the mixture from the density, the deviations of the two gases from Boyle’s law 
have been taken into account. 

The observations attained a precision which it is hoped will be thought satis- 
factory. But the constants required in the computation may not be thought sufti- 
ciently well determined. The uncertainty, however, does not much affect the 
computed result. The remaining uncertainty will doubtless be removed in time, 
when the results here obtained will admit of re-computation, which will make them 


more useful. I therefore venture to give the details of the experiments. 


3.—DENSITY OF ELECTROLYTIC GAS, VOLUME, TEMPERATURE, AND PRESSURE, 


The apparatus for the measurement of 
pressure, temperature, and volume was the 
same as that used in the last preceding deter- 


minations, with some trifling modifications. 








Fic. 29.—Methodtof! connecting voltameter, and regulating the 
current, 


Fic. 30.—Connection of globes to pump, serving 


For the admission of the gas from the vol- ~ ,. éyutate admission of gas to the eudiometer. 
tameter a stopcock had to be interposed, so as 

to keep the pressure in the voltameter equal to that of the atmosphere. In Fig. 
29, h is the fusible metal valve by which hydrogen is to be admitted to the 
globes; to this.is fused the stopeock g, which, during the operation of filling, 
was immersed in sulphuric acid. 

The connection of the globes to the pump was modified so as to serve two 
purposes. In order to admit to an exhausted eudiometer an appropriate quantity 
of the gas, some stopcock was necessary ; but one which could possibly leak was 
objectionable. The apparatus was therefore constructed as shown in Fig. 30, At 


w is the tube leading to the three globes in the ice. But the connection of this 





AND RATIO OF THEIR ATOMIC WEIGHTS. 85 


tube with the Toepler pump was modified so as to contain the glass stopper 4, 
ground so as to fit into its seat, and attached to a long glass rod which continued 
downwards about 90 centimetres within the glass tube ¢ gy. The end of this tube 
was prolonged in the rubber tube g, which was attached also to the rod, so that 
the space between them could be filled with mereury. The elasticity of the rubber 
tube permitted the stopper to be raised and lowered ; the mercury prevented leak- 
age. It is obvious that when this stopper is forced into its seat, and the vacuum 
below it is filled with mercury, gas cannot pass from the globes into the space 
below the plug, provided the pressure of the mercury upwards is kept greater than 


that of the gas downwards. 


4.—DENSITY OF KLECTROLYTIC GAS. VOLTAMETER FOR PRODUCING AND WEIGHING. 


A voltameter to produce electrolytic gas, and to make it perfectly dry, and to 
do it at the rate desired, without being too heavy or too bulky, took some pains in 
constructing. Using five voltameters combined in 
one and connected electrically in series, it was deemed 
best to use a current of four amperes. The plati- : 
num wires to conduet this current without undue \<ERstoe 
heating I found it somewhat difficult to introduce eras 
into the glass of my apparatus without having them Noe 
afterwards crack. Several experiments were lost in | 
this way ; after the passage of the current for four 
hours, some minute crack around a wire would leak 
at the rate of half a milligramme an hour. Gradu- 
ally the faulty joints were made good, and the ap- 


paratus worked without failure till a heedless 





plumber knocked a brick through the wall, without 
even looking to see what damage might be saused, 


and crushed it into a hundred fragments. 





In Fig. 31 are shown five tubes 2.5 centimetres in 
diameter, having platinum wires as seen in section at Fis. 31.—Voltameter for producing and 
; oe ¥ “ weighing mixed gases. 

mn. Tothese was connected a tube filled with phos- 

phorus pentoxide, and also a stopcock ending in a ground joint. Into the central 
tube was introduced a gauge to show the pressure of the gas in the voltameter ; the 
gauge was filled with gas to the desired point (having being filled with liquid when 
constructed) by electrolysis at the wires f 7, while the stopcock d was open to the 


atmosphere. 
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The voltameter was filled with sodium hydroxide which had been made from 
clean sodium ; it was freed from carbon dioxide with barium hydroxide. The stop- 
cock d was never turned except once to open and once to close for each experiment, 
and was lubricated often ; it is thought that it did not leak, as the pressure on the 
two sides of the key was always nearly the same during the times when leakage 
might cause error, The regulation of the current required to maintain a pressure 
equal to that of the atmosphere was obtained, not from this stopcock on the volta- 
meter, but from the one mentioned before, which was immersed in sulphuric acid. 

For some experiments the stopcock of the voltameter was replaced by a fusible 
metal valve. The opening it by fusion is simple; but when it is to be closed, the 
metal has to be pushed into its place in the constricted part of the glass tube. 
When this has to be done without opening the tube to the atmosphere, the manipu- 
lation is accomplished by introducing into the tube an iron instrument which is 


moved by a current in a helix enclosing the tube. 


d. 





DENSITY OF ELECTROLYTIC GAS. FILLING GLOBES WITH THE MIXED GASES. 


When a current had been passed through the voltameter for a few days, it was 
closed, wiped, and weighed against a counterpoise of equal volume and nearly 
equal weight. When the weights required had been learned, the two volumes on 
the opposite pans of the balance were made very nearly equal, exactly as deseribed 
at page 48. 

After the weighing, the voltameter was set in a tank of water and ice. A 
ground joint was fitted to that of the voltameter, shown in Fig. 31 at ¢, and then 
fused to the stopeock which was attached to the globes, as shown at @, Fig. 29. 
The tube f was now connected to the air-pump and a three-way stopcock, and the 
volume included between A, Fig. 29, and d, Fig. 31, was determined, exactly as the 
volume of the tubes connecting the globes to the barometer had been determined 
(page 67). This space was finally exhausted and sealed off. The stopcock d, Fig. 
31, was then opened, and g, Fig. 29, was closed. The passage through h, Fig. 29, 
Was now opened by fusion, a current was passed through the voltameter, and the 
passage of the gas into the globes was regulated by the stopcock till the globes 
were filled. The pressure in the voltameter was kept very nearly constant. The 
filling the globes took about three hours and three quarters. — 


6.—DENSITY OF ELECTROLYTIC GAS. MEASUREMENT OF PRESSURE. 


The measurement of pressure of the gas was made exactly as in the case of 
hydrogen, except that the tube for admitting the gas was not now closed by fusion, 


and that therefore a different method of being safe against leakage was needed. 
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7.—DENSITY OF ELECTROLYTIC GAS, CLOSING THE GLOBES DURING THE ANALYSIS 


OF THE GAS. 


It was necessary to close the globes in such a way as to prevent the introduc- 
tion of air, not only during the measurement of pressure, but also during the with- 
drawal of the gas used for analysis. During the measurement of pressure, the 
voltameter was left connected as during the filling. Both stopeocks were shut, and 
the pressure was the same in the globes and the voltameter. Leakage, therefore, 
could not take place. 

In order to prevent leakage for a day or two, and against an inequality of 
pressure, the stopcock g, Fig. 29, could not be trusted. Of course it was impossible 
to fuse the tube. I therefore bent the tube by which the gas was admitted, as 
shown at7g. At the bottom of the short U tube was a branch through which 
mercury could be admitted to fill the bend. A mark at s defined the volume whose 
capacity was determined in the calibration. To this point the mercury was brought 
during the measurement of pressure. When the voltameter was to be discon- 
nected, the mercury was made to fill the bend. If now slight leakage should 
take place through the key of the stopcock, it could be detected by the change of 
level of the mercury in time to admit of remedy before the gas in the apparatus 
was contaminated, 


8.—DENSITY OF ELECTROLYTIC GAS. CLOSING THE VOLTAMETER., 


The stopcock of the voltameter was closed, or the fusible metal plug was re- 
placed, and the apparatus was wiped and again weighed, as before. The volumes 


on the two sides were made equal, and the weighings were by reversal. 


5 


OF 





DENSITY OF ELECTROLYTIC GAS. PREPARING THE VOLTAMETER FOR A 


FOLLOWING EXPERIMENT. 


The weight of the gas delivered by the voltameter was about twenty-three 
grammes in each experiment. Instead of adding successive increments of twenty- 
three grammes, to make up this loss of weight, the counterpoise was made lighter 
by this amount. The counterpoise consisted of a number of the tubes of the same 
glass as the voltameter, closed by fusion, one of which was loaded with mercury. 
A duphieate of this loaded tube was adjusted by removing mereury to the amount 
indicated by the weighing just made, so that when the weighing of the voltameter 
after an experiment was finished, the duplicate counterpoise was ready, with its 
weight about the same as that of the voltameter. A current was passed through 
it for a few minutes and its stopcock was opened to secure that the pressure in it 


should be that of the atmosphere, and the indications of the gauge were verified 
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or adjusted. Then a current was passed long enough to expel any air which might 


have entered, when it was again closed and weighed for the next experiment. 


10.—DENSITY OF ELECTROLYTIC GAS. EUDIOMETRIC ANALYSIS. 


In the earlier experiments, a Toepler pump was connected to the globes as 
shown in Fig. 32. At @ is the inclined tube leading to the globes, seen in its con- 
nection with them in Fig. 28, page 77. The U tube filled with mereury to shut 
off the pump is also shown, To this was connected the tube ¢, leading to the 
Toepler pump ¢. While the pressure 
of the gas in the globes was measuring, 
the tubes leading to the pump were filled 
with mercury to the plug, and the mercury 
in € rose thirty inches or more. After 
the pressure had been determined, the mer- 
cury was lowered till the bottom of the 
tube ¢ was uncovered. Gas from the globes 
then passed through the tube to the 
Toepler pump, driving over the mercury 
in the tube c, but without domg damage. 
The pump body having been filled with 
gas, the volume withdrawn was determined 
by a second reading of the pressure of 


the remaining gas. The mercury in the 





pump was then raised so as to separate 
Fic. 32.—Toepler pump used to measure sample this fraction from that left in the globes. 

for apalyaisy, Stall Toepler: pump for: frank A Bunsen eudiometer was filled with 
ferring convenient quantity to eudiometer, 
mercury and set at m, Fig. 32. A small 
Toepler pump, having a capacity of, say, twenty cubic centimetres, had been con- 
nected as shown at /, and was provided with a trap against the entrance of air 
with the mercury which actuated it. With this, the gas was transferred in suit- 
able volumes to the eudiometer and exploded. Four explosions a minute was the 
usual working rate, so that the 1.6 litres which the pump held were exploded in 


forty or fifty minutes. 


11.—DENSITY OF ELECTROLYTIC GAS. DIFFICULTY OF PREVENTING ENTRANCE OF ATR 
INTO THE EUDIOMETER, 


The eudiometer stood in mercury to the depth of about ten centimetres, but at 


first nitrogen was always found in the residue after explosion. Increased care did 
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not accomplish anything till the mercury in which the eudiometer stood was covered 
with a layer of sulphuric acid, after which no more nitrogen was found. It was 
therefore fair to assume that all the nitrogen found had been due to the entrance 
of air at the last operation; the volume of oxygen accompanying it was therefore 
computed and double this volume of hydrogen was assumed to have disappeared by 


combination with this oxygen derived from the air, 


12.—DENSITY OF ELECTROLYTIC GAS. LEAKAGE OF AIR BETWEEN MERCURY AND 
GLASS. 

It may be said that the contact of mercury with glass is proof against leakage 
only when it is nearly as perfect as in a barometric tube. A joint which leaks a 
little may not be perceptibly improved by immersion in mercury. I have seen a 
joint between a rubber and a glass tube, which leaked into a vacuum at the rate of 
a bubble a minute, keep on at apparently the same rate when immersed ten 
centimetres in mercury, because the contact between the glass and the mercury was 
not sufficiently perfect. Since a clean surface is hard to maintain on the outside of a 
tube, the only way in which mercury can be safely assumed really to stop a leak is, 
by using it to carry a layer of sulphuric acid, as was indicated by Crookes in 


his experiments with high vacua. 


15.—DENSITY OF ELECTROLYTIC GAS. OXIDATION OF MERCURY. LARGE EUDIOMETER. 


In some of the eudiometric analyses, some oxidation of mercury was noticed, as 
might be expected. The amount of oxygen thus consumed was obviously neg- 
ligible, but it was thought well to avoid possible objection by making it less. A 
measured volume of hydrogen was therefore introduced into the eudiometer before 
the admission of the electrolytic mixture. The results thus obtained were the 
same as before within the errors of observation. 

I then constructed a large eudiometer in which all but a hundredth or a 
thousandth of the gas taken for analysis could be exploded out of contact with 
mercury. It has a capacity of 3.2 litres. A stopper ground into its place and ex- 
tending down through ninety centimetres of mercury is so arranged that it can be 
raised or lowered at will, without danger of leakage. When an explosion was to be 
made, the passage was stopped by this contrivance, so that the explosion did 
not reach to the mercury. This eudiometer will safely bear the explosion of eight 
hundred cubic centimetres of the mixed gases as measured at atmospheric 
pressure. 

The admission of gas to the eudiometer was controlled by the stopper 4, Fig. 


80. When the desired pressure was reached, 4 was closed and then the similar 
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stopper of the large eudiometer, after which the spark was passed. The two stop- 
pers were then again opened, and the process repeated from four to twenty times. 
At the end of the process the pressure in the globes was observed, thus determining 
the volume withdrawn for analysis. The globes were kept surrounded with ice 
during the whole course of the experiments. 

It is obvious that the measurement and analysis of the residue could not be 
effected in the large eudiometer. This was therefore connected by a leakage-proof 
mercurial valve, with a self-acting Toepler pump. When the last explosion had 
been made, this valve was opened, and the pump set in action. The large quantity 
of water formed during the explosion had to be absorbed between the eudiometer 
and the pump. A special form of drying tube was constructed, but it is hardly 
worth while to describe it. It may suffice to say that the drying agent was pure 
sulphuric acid boiled in a vacuum till it did not give off a harmful quantity of ab- 
sorbed gas, and that this acid could be flowed over the glass beads filling the dry- 
ing chamber. Even after absorbing fifty grammes of water, it was so effective 
that a vacuum of two or three millionths could be attained. 

From the Toepler pump, the gas was transferred to a Bunsen eudiometer. 
Owing to the fact that the explosion in the large eudiometer did not extend to the 
surface of the mercury, there was always enough uncombined oxygen and hydro- 
gen in the residue to admit of satisfactory explosion, after which the residue was 


analyzed. 


14.— DENSITY OF MIXED GASES. CAN ELECTROLYTIC GAS BE OBTAINED IN ATOMIC 


PROPORTIONS / 


In all my experiments, I found an excess of hydrogen. This is due to second- 
ary reactions in the electrolytic cell, attended with consumption of oxygen. Now 
it is one of the innumerable possible cases that there should be an equilibrium 
between the production and destruction of the oxide formed, so that for a time 
the two gases should be delivered in atomic proportions. But all the precautions 
which occurred to me were used in vain. The voltameter was treated in a manner 
perfectly uniform, and used only at the temperature of melting ice, but there was 
always an excess of hydrogen. 

Once, to learn a little about the stability of any supposed equilibrium, I con- 
nected the voltameter directly to the delivery tube leading to a Bunsen eudiometer 
containing a measured quantity of hydrogen, designed to prevent oxidation of mer- 
cury. The eudiometer stood deeply in mercury covered with sulphuric acid. 
Electrolytic gas was introduced and exploded for many times; the amount of 


or 
5 


hydrogen gradually increased. The current was now increased so as to warm the 
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eudiometer about twenty degrees. The hydrogen in the eudiometer soon began to 
decrease as the explosions were repeated, showing that now oxygen was in excess. 
The equilibrium was so easily disturbed that some doubt cannot but be felt 


whether Ledue obtained the equilibrium which he hoped for. 


15.—DENSITY OF ELECTROLYTIC GAS. OBSERVATIONS ON THE EXCESS OF HYDROGEN. 

The determinations of the excess of hydrogen above the atomic ratio in the 
mixtures whose density was determined, are given in the following table. In the 
first four experiments, the Bunsen eudiometer was used; in the others, the large 
eudiometer containing 3.2 litres. The first column gives the pressure originally 
noted ; the second, the diminution of pressure caused by taking out a part for analy- 
sis, the third the excess of hydrogen found in this part; and the last, the ratio 


of this hydrogen to the whole volume analyzed. 


Experi- Pressure. Diminution of Hydrogen Ratio. 

ment. pressure. found, 
I 749 mm, 23.7 mm. 39 €C 00029 
2 Ge Doe Sen ne .00025 
3 7S Sues Deas S25 00019 
4 iso 24.1 45 .00033 
5 iS Tie Bis eae 6.42 .00036 
6 ese 142 * Te Olms 00021 
7 715 Ol B40 en Ae 2a .00022 
8 nA 1338 2503 .00029 
9 550k 134 2.83 — .00037 
10 756 “ Ti Ove Z:05)" .00042 


The mean is .000293. This is the ratio of the excess of hydrogen to the whole 
combined volumes of oxygen and of hydrogen. | Multiplying by the factor 8, we 
have .00088, a correction to be applied to the ratio of the hydrogen to the oxygen 
of the mixture in order to obtain the ratio of the volumes of hydrogen and oxygen 


which would combine without residue. 


16.—DENSITY OF ELECTROLYTIC GAS. OBSERVATIONS. 

The following table gives the particulars of the determinations of the density 
of the mixture of oxygen and hydrogen obtained by the electrolysis of sodium 
hydroxide. Seven columns give the mark at which the mercury stood in the 
barometer, the temperature here, the volume corresponding, this volume reduced 
to 0°, the volume of the ice-covered connecting tubes, the volume of the small con- 
necting tube near the voltameter, and the volumes of the globes. Following these 
are the columns which give the total volume, the pressure, the weight of the 
mixed gases, and the density computed for the sea level in latitude 45°, accord- 


ing to the formula 
2 W 760 LG, 
~ V+vtvitv’ Po Lg 


Be 





1D} 
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Exp. Mark, Temper- Volume, v, v', v’, V, Volume, Pres- Weight, Density, 

ature, sure 
mm, ce. cc; «= CG. icc litres. litres. mm. gr. gr. 

1 212.8 20.9° 65.5 60.8 41.1 31 43.2587 43.3637 746.16 22.7858 .535441 
2 211.0 19.0 66.0 61.7 41.1 34 43.2587 43.3649 754.90 23.0541 .535459 
3 2109 19.5 66.0 61.6 41.1 3.2 43-2587 43.3646 748.93 22.8770 .535584 
4 210.9 19 6 66.0 61.6 41.1 3.0 43.2587 43.3644 753.20 23.0027 .535477 
5 210.2 22.1 66.3 61.3 41.1 2.9 43.2587 43.3640 748.20 22.8521 535531 
6 2090 20.9 66.6 61.8 41.1 2.9 43.2587 43.3645 752.15 22.9723 .535514 
7 212.6 19.9 65.5 61.0 41.1 3.0 43.2587 43-3639 753.36 23.0064 .535456 
8 244.3 168 55.9 52.7 41.1 3.2 43.2587 43-3557 772.17 23.5798 .535434 
g 214.6 17.8 649 60.9 41.1 3.2 43-2587 43.3038 753.39 23.0098 .535515 
IO 215.0 20a 64.8 60.0 41.1 3.0 43.2587 43.3628 753.97 23.0269 .535513 


If we increase the mean by one thirty-thousandth,* we have 
D = 0.535510 gr. = 0.000010, 


17.—DENSITY OF ELECTROLYTIC GAS. REDUCTION OF RESULTS. 


If, now, Boyle’s law applied to this mixture of gases, we should have, putting 
H, O, M for the three densities involved, and ;/-y for the ratio of the volumes of 
oxygen and hydrogen which combine, measured at standard temperature and 
pressure, 

O + (2 +x) H _ yy whence x = oer 
3+x M— H 
If we may judge by the brief account of Ledue’s experiments given in the Comptes 
Rendus, this reduction was adopted by him. But the reduction takes no account 
of the deviations of the gases from Boyle’s law. We require to know what would 
be the pressure of one volume of oxygen and two volumes of hydrogen when mixed 
and made to occupy three volumes. Until direct observations are made, we must 
compute from observations of the volume and pressure of the separate gases at 
different pressures. Since such observations are represented by the equation of 
Van der Waals with little precision, we may only hope that a reduction founded 
on it may temporarily serve as an approximation, Writing capitals for oxygen and 
small letters for hydrogen, we have 
(P+ &)(V—B)=C, 
and (p+5)—b) =e 


Putting the original volume and pressure equal to unity, we get 


1+A—B—AB=C, 
and 1-- a— b— ab =c. 


* See note page 28. 
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When the gases are mingled, it is obvious that the constants B and b will 
each enter into both equations; whether the same is true of A, and how, are 


perhaps uncertain. First supposing that it should not ; when 


V = 3, and 


v = ~., we have approximately 
. 
I 
Ee , and 
3 
2 
p= 
3 


We may therefore write 


(P + ‘ ) (3 — B— 2b) = C, and 


Weanar3 B 
ES —b-—)=c. 


Neglecting products of the constants, we get 


p= ae 2 (A—B +b), and 
SS, 

Dp See 2 (a—b-+B). 
3 9 


The sum of these gives the pressure of the mixture, supposing that the oxygen and 
hydrogen were originally measured at unit pressure and then mixed without 


change of their joint volume ; therefore 


P+p=r+— (A +a). 
9 


This is on the supposition that no mutual attraction acts between the unlike 


Min 
we can 


as 


molecules. If such attractions exist, and if they follow the law f = 


take notice of them by writing 


(GP se 3) (3 — B — 2b) = C, and 


(pee ee) (eae 
9 2 2 2 
Reducing as before, we get 
P+tp=i1++aAy—a 
36 9 


The value of A seems to depend on the temperature, so that it must be deter- 
mined from observations of pressure and volume at 0° The experiments of 
Amagat* serve to determine A and a. Sarrau + has discussed the first series, but 


with some modification of Van der Waals’ formula. If we reduce the constants 


* Annales de Chimie et de Physique (5), 22, 353- + Comptes Rendus, 94, 844. 
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computed by Sarrau to those which would obtain in the unmodified equation, we 
have 
A = 0.0020 
a@ = 90,0002 
But, as Sarrau remarks, the proof that @ has a sensible magnitude is insufficient. 

From Amagat’s later series of observations,* no value of A can be computed 
which will satisfy the determinations at all pressures, as Professor William Harkness 
has assured me. That Nan der Waals’ equation needs modification is attested by 
the more or less successful attempts of Clausius, Sarrau, and Amagat. But it will 
answer our purpose, provided that we compute its constants from observations at 
pressures not far from those to which we desire to apply it. If we compute A and 
a from various combinations of observations at three different pressures, we get the 
following values : 

VALUES OF A AND @ FROM AMAGAT’S EXPERIMENTS. 


Pressures used in computation 


‘ Values of A. 
in Atmospheres. alues of A. 


I 100 150 0.002284 
I 100 200 0.002174 
I 100 250 0.002127 
I 150 250 0.002022 
I 150 300 0.002006 

Values of a. 
I 100 200 — 0.000035 
I 100 300 + 0.000016 
I 200 400 0.000167 


Only the positive, or the numerically smaller negative, root is given. It is plain 
that constant values of A and a@ will not satisfy the observations; we can searcely 
do better than to assume, with Sarrau, 
A = 0.0020 
a = 0.0000 

Substituting these values in the expression for the pressure of the mixture of 
two volumes of hydrogen and one volume of oxygen when occupying three volumes 
we have 

P + p = 1.000389 

We may therefore correct for the deviation of the mixed gases from the 
density computed by Boyle’s law, by multiplying the observed density by the 
factor 1.000389; we thus find 


O + 2H — 3.001167M 


x = 


1.000389M — H. 
* Annales de Chimie et de Physique (5), 29, 68 










- ae a 
=t — 2 
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Lo al 
use the values 
; O = 1.42900 gr., 
H = .089873°gr., 
M = .535510 gr., 


a 


we find the ratio of the volumes o 


hydrogen and oxygen in the mixture whose 
Coy : . a : 
density was determined : 


Ratio of Mixture 
2.00357. 


Subtracting from this the excess of hydrogen found by analysis, we get the ratio of 
the combining volumes: 
es ; Ratio of Combining Volumes. 


2.00269. 





PART IV.—SYNTHESIS OF WATER FROM WEIGHED QUANTITIES 
OF HYDROGEN AND OXYGEN. 


1.—INTRODUCTION. 


In the following pages are described some experiments in which a quantity of 
hydrogen was weighed while absorbed in palladium, a quantity of oxygen was 
weighed in a globe, the two were combined, and the water produced was weighed. 

The two gases were brought together at two platinum jets enclosed in a small 
glass apparatus, which was weighed while exhausted, where they were made to 
combine. When the combustion was ended, the gas remaining in this combustion 
apparatus and the connecting tubes was extracted with a Toepler air pump, 
measured, and analyzed. The combustion tube, the globe which had contained 
oxygen, and the palladium tube were weighed again. From the amounts of oxygen 
and hydrogen extracted were subtracted the amounts of the gases found in the 
analysis; the remainders were the quantities combined in the combustion apparatus, 
from which the atomic weight of oxygen was found. The amount of water pro- 
duced was measured by the gain in weight of the combustion apparatus ; dividing 
this by the amount of hydrogen used, the molecular weight of water was known, 
and so a second value for the atomic weight of oxygen was obtained. 

The volume of hydrogen used in most of the experiments was forty-two or 
forty-three litres ; the amount of water produced was about thirty-four grammes in 
each experiment ; twelve successful experiments were made. The amount of gas 
left unburned and therefore measured in the eudiometer varied from a six-hun- 


dredth to a ten-thousandth of the quantity concerned. 


2.— PRODUCTION AND WEIGHING OF OXYGEN. 


The oxygen used in all the experiments of this series was produced by heating 

votassium chlorate: the apparatus used is shown in Fig. 7, page 20; the manipu- 
’ 5 >| > ? ] 

lation here was precisely the same as in the other experiments. In fact, often the 


same quantity of oxygen served for a determination of density and for a synthesis 
96 
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of water. After the tube containing the chlorate and the whole apparatus and its 
connecting tubes had been exhausted, the chlorate was heated till oxygen came off 
freely, when it was cooled, and the apparatus again exhausted. The gas passed 
through three tubes each a metre long and two and a half centimetres in diameter ; 
the first was filled with beads moistened with a strong solution of potassium hy- 
droxide, the second with beads and sulphuric acid, the third with phosphorus pent- 


oxide and glass wool so that no channel could form above the oxide. A regulating 


D> 


stopcock kept the pressure in the first part of the apparatus at about that of the 
atmosphere. 

It was convenient to use in the combustion the oxygen contained in two globes; 
they were commonly filled at the same time. 


3.—SYNTHESIS OF WATER. BALANCE AND WEIGHING ON REVERSAL APPARATUS. 


All the weighings of this series were made on the Becker balance carrying 
twelve hundred grammes, which was mentioned at page 28, and shown in Fig. 10, 
page 80. It was mounted on the closet shown in Fig. 16, page 38. It was provided 
with the apparatus for weighing by reversal which is shown in Figs. 16 to 19. 
But at that time, some trifling details were not quite as shown by the drawings; 
the operation of weighing was, however, effected exactly as by the apparatus in its 


present condition. 
4_—-SYNTHESIS OF WATER. MANIPULATION OF TUBE CONTAINING PALLADIUM. 


These experiments were the first in which large quantities of hydrogen were 
weighed while absorbed in palladium; so some changes were by degrees introduced 
into the apparatus. As far as I see, these trifling modifications simply made the 
manipulation shorter and more convenient, without affecting the accuracy of the 
results. But opinions may differ on this matter, so that itis proper to describe the 
three forms which the tube containing palladium successively assumed. 

In experiments 1 and 2, the palladium was contained in two separate hard glass 
tubes, Fig. 33. To each was fitted a stopcock of common glass by means of a ground 
joint and parattin. A stopcock of hard glass 


cannot be made. The mavipulation of this 





tube would have been very simple if a stopcock 


Fic. 33.—Palladium tube, first form. 


were anything more than a contrivance for 


lessening the flow of a gas through a tube. But for any precision, together 


5 





with freedom from large constant error, in manipulation with a gas so light 


as hydrogen, it was necessary that leakage should be rendered excessively improba- 


ee 
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ble. The sole use of these stopcocks was, to prevent the admission of any con- 
siderable quantity of air during the preparation of the tube for filling it again with 
hydrogen. 

To the tube of infusible glass a, a, therefore, was fitted by a ground joint the 
stopcock ¢, ending in another ground joint. When the tube was to be filled with 
hydrogen, a comecting tube with a ground joint was fitted to the second joint, ¢, 
with paraffin, and connected by fusion to the souree of hydrogen. The conneet- 
ing tubes were then freed from air by repeated exhaustion. The stopeock ¢ was 
then opened, the palladium was heated, and the exhaustion continued. After cool- 
ing the palladium, hydrogen was admitted to saturation. In these two experiments, 

any nitrogen which might possibly have ae- 
r{|h' o« 4 companied the hydrogen was removed, or, 
< rather, an attempt was made to remove it, 
Eh adh allecrien Ge Pieced Sena eae by repeated exhaustions of the tube at the 
rough stopcock. 
end of the admission of hydrogen. 

When the tube was charged with hydrogen, the pressure in the tube was a 
little greater than that of the atmosphere. No leakage was therefore to be feared 
during the moment required to remove the ground joint which connected the 
palladium tube with the source of hydrogen, its stopcock being closed, and to re- 


> 


place it with the joint 7, 1, Fig. 34, which had been prepared beforehand. The 
tube g was then connected with the air pump, and the space between the stop- 
cock and the plug of fusible metal 2 was repeatedly exhausted and filled with 
hydrogen. When it was exhausted for the last time, the connection with the 
pump was closed by fusion at g. 

The space between the fusible metal plug 4, and the point /, had been ex- 
hausted before the point / was sealed. The apparatus, therefore, contained no gas 
but hydrogen. 

The volume of the two tubes was now determined by a hydrostatic weigh- 
ing of both at once. A counterpoise was made of the same two kinds of glass, and 
of nearly the same volume and weight. 

When the hard glass tubes containing the palladium were used, they were 
heated so gently that it was obvious that 
no change of volume was to be feared ; it 5 mm 
was therefore unnecessary to determine ° 
their volume after the expulsion of the Ge S5y— helene a ae 
gas by a second hydrostatic weighing. 

Procuring some tubes large enough to contain the whole of the palladium, 


it was concluded to use them, although they were of soft glass. 
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This tube took the form shown in Fig. 35. It was now not safe to assume 
that there would be no change of volume on heating to expel hydrogen. Ac- 
cordingly, a mark was etched at ¢. After determining the volume of the whole 
tube by hydrostatic weighing, the volume below this mark was also determined. 
After the expulsion of the gas, any change of volume was determined by immer- 
sion to this mark. The stopcock was therefore not wet during the progress of 
the experiment. The effect of the immersion of the stopcock during the pre- 


ren Was 


o 
D5 


liminary work of reconstructing the tube before the charging with hydro 
eliminated by waiting a sufficient time before the weighing. 

One important advantage was gained by the use of soft glass. It was now 
possible, when the absorption was ended, to continue the current of hydrogen, by 
breaking off the point m of the tube, so as to expel any nitrogen which might 
have accompanied the hydrogen and accumulated in the tube. After this was 
accomplished by a current lasting three or four hours, the point was closed by 
fusion, and the tube prepared for weighing in the same way as before. 

But a certain difficulty remained. The stopcock had to be immersed for at 
least one hydrostatic weighing for each experiment, and this involved waiting a 
day or two in order to be sure that the lubrication had come again to a constant 


state. A third apparatus was therefore constructed, in which no stopcock was 


~used. This is the form always used afterwards. It has been shown in Figs. 25, 


26, and 27, and its manipulation has been sufficiently described. 
5.—SYNTHESIS OF WATER. APPARATUS FOR PRODUCING .AND WEIGHING WATER. 


The apparatus in which the gases were combined and in which the water 
produced was weighed is shown in Fig. 36. At @ are two platinum jets from which 
the gases issue into the combustion chamber. Two tubes filled with phosphorus 
pentoxide, kept in place by rolls of asbestos, are shown at 4, 6. At c, ¢, are joints 
ground to fit corresponding joimts by which the apparatus may be connected to the 
sources of hydrogen and of oxygen. These tubes are closed by fusion at d and e, 
and notches are made where they are afterwards to be broken off. Wires f, 7, 
provide for the inflammation of the jet of hydrogen, or of oxygen, as the case 
might be. The ends of the apparatus have hooks facilitating the hydrostatic 
weighing which determines its volume. The whole apparatus was exhausted to a 
ten-thousandth of an atmosphere and sealed off from the pump at 

A counterpoise of suitable weight and volume was then made. Since the ap- 
paratus had to be reconstructed for each experiment by providing it with new dry- 
ing tubes, a new counterpoise had also to be made. To facilitate this, a series of 


volumes of 50, 20, 20, 10, 5, 2,2, and 1 cubic centimetres were prepared and the vol- 
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ume of each determined. Then a series of tubes having all nearly the same volume, 
and weights of 55, 60, 65, 70, 75, and 80, grammes were made, and their volumes 
determined. By the aid of these a counterpoise of a given volume and nearly a 
given weight could be made up in a moment. 

The combustion apparatus was then weighed by reversal, as in the case of the 
palladium and of the globes containing oxygen. But few weighings were required 


for a small and light object like this. 








Fic. 36.—Apparatus for pro- F iG. 37.—Manipulator for combining oxygen 
ducing and weighing water. and hydrogen. 


6.—SYNTHESIS OF WATER. MANIPULATION IN SETTING TOGETHER THE APPARATUS FOR 


COMBUSTION, 


When the weights of the globes, of the tube containing palladium, and of the 
combustion apparatus, had been determined, the apparatus was put together for a 
synthesis, First, the combustion apparatus had one of the points d, Fig. 36, broken 
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off while it was enclosed in a tube which delivered dry air. The ground joints 
which fitted c, c, formed the ends of two drying tubes filled with phosphorus pent- 
oxide. One of these tubes was now put on c. The other point ¢ was broken 
off and the other drying tube also put in place; both joints were of course made 
tight with paraffin, The object of these tubes was, to prevent the admission to 
the weighed tube of any moisture produced in the glass-blowing operations required 
in putting the apparatus together. It is now seen that the manipulation might 
have been made simpler; but not more accurate. 

The combustion apparatus with the addition of the phosphorus pentoxide 
tubes was now placed in the condenser /, h, Fig. 87. This consisted of a cylinder 
of glass, having a brass bottom with two tubulatures ; into one of them the com- 


bustion apparatus was placed, and made tight with a rubber tube. 


{.—SYNTHESIS OF WATER. MANIPULATOR FOR REGULATING THE PROGRESS OF THE 


COMBUSTION. 


The condenser with its contents is next placed in the manipulator shown in 
Fig. 37. At ¢ and ‘are the tubes by which oxygen and hydrogen are to be in- 
troduced ; 7 leads to the Toepler air pump. The stopcocks m and 7 serve to con- 
trol the admission of the gases into the combustion chamber. The tubes 0 and )), 
which are connected directly to the tubes ¢ and /, show the pressure of the oxygen 
and hydrogen at their sources. The tube g, interposed between the stopeock m and 
the combustion chamber, shows the pressure of the gas therein. The ends 7 and s 
are now fused to the somewhat flexible connections ¢ and wv. As said before, the 
drying tubes # and y prevent the entrance into the weighed drying tubes of the 


water formed in this process. 


The globes containing oxygen are now fitted into the corresponding ground 
joints, and these are fused to the branches leading from the tube 7, as shown in 
Fig. 38. The point of the palladium tube is broken off and a joint is fitted on and 
connected by fusion to the tube /. 

The five stopeocks m, n, 1, 2, 3, being open, the apparatus is exhausted to one 
part in ten thousand, and the pump is shut off by closing the stopeock 2. The 
stopcock 3 is opened, when mercury fills the tubes 4, 4, closing all connection 
between the hydrogen and the oxygen sides of the apparatus. The stopeocks Zand 3 


@ disturbance of the level of the mercury in these tubes. 


° 


are now closed, preventin 
The stopcocks m and are next closed, and the stopcock of one of the globes of 
oxygen is opened, when the gauge 0 shows the pressure of the oxygen in it; the 
other globe is also opened. The fusible metal plug is then fused, when the gauge 


p shows the pressure of the hydrogen from the palladium. 
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The stopcock m is opened so as to admit say half an atmosphere of oxy- 
gen to the apparatus, after which it is closed. Sparks are passed between the 
points f, 7, and stopcock n is cautiously opened. Hydrogen enters and mixes with 
the oxygen which already fills the apparatus, and the mixture soon comes to the 
jets; it takes fire, and fora moment burns within the asbestos at 6. Soon the gas 
burns quietly at one of the jets; heat is applied to the palladium, and the pressure 
of the gas from the palladium is watched by means of the gauge. The stopcocks 
mand 7 are regulated by the indications of the other gauges and the appearance of 
the flame. The combustion chamber is kept cool by renewing the water sur- 
rounding it. 





Fic. 38.—Manipulator, rear view, with globes and palladium tube connected. 


The combustion of pure hydrogen in pure oxygen is a very interesting phe- 
nomenon. Since it was convenient to have a visible indication by which to 
regulate the admission of gas, I commonly adjusted so as to produce vivid 
incandescence of one or the other of the platinum jets. In this ease, nothing else 
could be seen unless for a moment the heat was sufficient to volatilize something 
from one of the wires used to ignite the gases. But often, when the current was 
made more rapid, the incandescence of the jet ceased, and then there was a small 
pointed flame, invisible except on careful exclusion of other light. But the risk 
aud consequent anxiety attending the appearance of this flame prevented minute 
and trustworthy observation. The risk was due to the fact that if the flame were 


Tee yy 
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extinguished by slight error in adjustment of the stopcocks for admitting the gases, 
the pressure of the hydrogen would, before it was possible to make readjustment, 
so increase as to blow off through the mercury, as once happened even when the 
safe pressure was two atmospheres, and the working pressure only half an 


atmosphere. 
8.—SYNTHESIS OF WATER. THE COMBUSTION. 


The combination of forty-two litres of hydrogen with twenty-one litres of 
oxygen took about an hour and a half. When the pressure of the oxygen became 
very small, extreme care was required to continue the combustion. I have once 
carried it till the pressure of oxygen and water vapor together was only eight centi- 
metres of mercury. The attempt to do the same again was unsuccessful. 

When the combustion was ended, the stopcocks m and 7 were closed, the 
palladium tube was closed by fusion at the point /, Fig. 84, and the globes con- 
taining oxygen were closed at their stopeocks. In experiments numbered 10, 11, 
and 12, the globes were also closed in the same way as the palladium tubes. 

The lower part of the combustion chamber was now immersed in a freezing 
mixture. When the water produced had been frozen and cooled as much as possi- 
ble, the stopcocks of the apparatus were opened, the mercury was withdrawn from 
the tubes 4 and 4, and the Toepler pump was used to transfer the gas remaining in 
the apparatus and its connecting tubes to an eudiometer. The tension of the vapor 
of the water at 18° C. being only 1.1 mm., the exhaustion could be made suf- 
ficiently complete. The phosphorus pentoxide tubes showed no signs of harmful 
deliquescence during the half hour they had to serve. 

When the exhaustion was complete, the combustion apparatus was closed by 
fusion at 4 and h, Fig. 36. The parts fused off from the different parts of the 
apparatus were now cleaned from adhering wax or paraffin, and the points which 
had been broken off were put with those to which they belonged. The four parts 
of the apparatus were then weighed. 


9.—SYNTHESIS OF WATER. WEIGHING THE OXYGEN AFTER A COMBUSTION. 





It is obvious that the volumes of the globes when full and when partly 
empty would differ by the amount of the corresponding elastic compression. In 
the first and second experiments, the oxygen was withdrawn from the globe as 
completely as possible; the globe after the experiment was therefore weighed 
against the counterpoise proper for the empty globe, and a correction computed for 


the difference of volume. In the experiments from the third to the seventh, the 
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oxygen was nearly half withdrawn; the globes were therefore weighed, one against 
the counterpoise for the empty globe and the other against the counterpoise for the 
full globe, and a correction computed for the difference of volumes; the two cor- 
rections nearly balanced each other. In the eighth and ninth experiments, the 
globes, both full and half empty, were weighed against the counterpoise of the 
empty globe, and corrections computed ; the counterpoises for the filled globes had 
suffered injury. In the last three experiments, the globes were closed by fusion ; 
they were weighed when half empty against the counterpoises of the full globes, 


and corrections computed for the difference in volumes. 
10.—sYNTHESIS OF WATER. WEIGHING THE PALLADIUM AFTER A COMBUSTION. 


The volume of the tube containing palladium was determined by hydrostatic 
weighings. In the cases where the tube was provided with a stopcock, it was im- 
mersed only to a certain mark at this second hydrostatic weighing. When no 
stopcock was used, the tube was submerged. In all cases, the volume of the part 
which had been fused off was determined from its weight and specific gravity. 

From the change in the volume of the tube a correction to the observed weight 
was computed. These experiments were made before the construction of the 
system of flasks for making equal the volumes of the masses placed on the opposite 


pans of the balance. 


11.—SYNTHESIS OF WATER. KUDIOMETRIC ANALYSIS OF THE RESIDUE LEFT 
UNCOMBINED. 


The gas extracted from the apparatus after the combustion was ended, was 
measured and analyzed. Only one point needs mention. 

In some experiments some carbon dioxide was found. The amount was not 
large, but the question as to its origin was an important one. If it came from ecar- 
bon weighed with the hydrogen, the experiment was valueless. The probability 
was that it came from the asbestos, where the combustion was carried on for a few 
seconds. This asbestos had to be handled in the construction of the tubes, and it 
was not easy to free it from dust by ignition, as, after ignition, my sample was not 
well suited for its use. To settle the question, some two or three hundred grammes 
of water were formed in a combustion apparatus of the same kind, but without 
weighing the gases introduced. The water produced was allowed to flow 
out, as formed, by a tube fused to the bottom. of the apparatus ; it was kept from 
contact with the atmosphere. In this ease there was no asbestos, but the hydrogen 


was the same as that used in all the experiments. 
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To the water produced in this experiment, barium hydroxide was added, and 
the whole showed no trace of turbidity. It was then evaporated to the bulk of 
five cubic centimetres; of course carbon dioxide was not admitted. Even 
when reduced to this bulk, there was no turbidity. It is obvious, therefore, that 
the hydrogen used in these experiments did not contain carbon compounds, Tifas 
precisely the same in quality, obtained from the same apparatus, with the same solu- 
tion, as that used in all my experiments so far; the only change ever made has been 
the introduction of fresh distilled water to take the place of that removed by 
electrolysis. 

If now this carbon dioxide was formed by the oxidation of organic matter 
adhering to the asbestos, it was supposed that each cubie centimetre of carbon 
dioxide formed represented a cubic centimetre of oxygen withdrawn from the 
globes but not used in forming water. 

In some experiments, nitrogen was also found. The quautity was small. 
When the globes for oxygen contained air, and were exhausted and filled with 
oxygen, a certain amount of nitrogen remained in the globes. If the globes were 
exhausted again when partly filled with oxygen, the nitrogen was mostly eliminated. 
As the amount of nitrogen found agreed fairly in amount with what might be 
expected from the previous contents of the globes and the degree of the last 
exhaustion, no hesitation was felt in counting this nitrogen as having come from 


the globes of oxygen. 


12.—SYNTHESIS OF WATER. SOURCES OF ERROR. 


In the weighing of the hydrogen, no source of appreciable constant error has 
yet been thought of. The magnitude of the accidental errors must be learned from 
the concordance of the experiments. 

In the weighing of the oxygen, leakage might act in two opposite directions. 
If leakage occurred before the combustion began, the amount so lost would be ex- 
tracted by the Toepler pump in the exhaustion preliminary to the combustion, 
and so would seem to have been used in the combustion. If the leakage occurred 
in the contrary direction, when the half-exhausted globe was hung on the balance 
for the final weighing, the amount of oxygen taken from the globe would appear 
less than the truth. Now the leakage during exhaustion, 1f noticeable in amount, 
would be readily detected by the behavior of the pump during the preliminary 
exhaustion. A very slight leak can be detected when the vacuum obtained is 
something like a ten-thousandth of an atmosphere. Such a leak would be the 


more certainly detected, since the pump was always left at rest for fifteen minutes 
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after exhaustion and before the measurement of the vacuum, so as to make sure of 
an equilibrium of pressure. Once such a leak was detected; when the apparatus 
was dismounted, and the globes weighed again, A leakage during the second 
weighing ought to be detected by the slow change of weight which it produces. 
It was not detected during any of the experiments of the present series. It may 
be said that the stopeocks of five of my globes were of large size so as to make the 
distance which air must travel around the key, from the entrance to the exit, as 
much as four centimetres. These were often found to be tight for some days when 
freshly lubricated and turned but a few times. 

It was to avoid both these errors that, in the last three experiments, the globes 
holding oxygen were closed in the same way as the tube containing the palladium 

Two sources of error in the determination of the weight of water produced 
were known to exist. The platinum wires for the passage of the spark might be- 
come loosened by the heat, so as to admit some water or air. On the other band, 
the exhaustion by means of a Toepler pump, unless regulated by opening the stop- 
cock but partly, may sometimes draw the gas through the drying tubes faster than 
it can be dried. Probably this happened, to a slight extent, in some of the experi- 
ments, but the amount was not very large. The manipulation which might have 
easily and completely prevented this was not thought of till the second (unfinished) 
series of experiments was begun. 


13.--SYNTHESIS OF WATER. COMPLETENESS OF DRYING OF GASES WITH PHOSPHORUS 
PENTOXIDE. 


In a paper describing some of the earliest of my experiments relating to oxygen 
and hydrogen, it is shown that the amount of moisture left by phosphorus pentoxide 
ineven a thousand litres of a gas is negligible. My experiments proved that a ecur- 
rent at the rate of three litres an hour was made absolutely dry by a rightly filled 
tube whose capacity was twenty-five cubic centimetres; it was therefore thought 
safe to pass a current of twelve litres an hour through a tube containing one hun- 
dred cubic centimetres. 


14.—SYNTHESIS OF WATER. IS HYDROGEN GIVEN OFF BY PALLADIUM FREE 


FROM WATER ? 


A source of error would exist if,as has been thought, water should accompany 
the hydrogen delivered from palladium. This would imply that oxygen in some 
way found access to the palladium, and that the water produced was not removed 
with any nitrogen which might have accompanied the hydrogen. Keiser considered 


his experiments as proving that water is given off from palladium together with 








AND RATIO OF THEIR ATOMIC WEIGHTS. 107 


hydrogen. I made five experiments, which show that a tube containing palladium 
aud filled with hydrogen as in all my use of it, gives off no water. The tube con- 
taining six hundred grammes of palladium was charged in the usual way, and then 
connected with a U tube containing phosphorus pentoxide, which had been care- 
fully weighed against a tube similar in shape and equal in volume. The hydrogen 
was expelled through the drying tube at the rate of not more than six litres an 
hour, it being collected over water to control the rate. This was repeated five 
times. The drying tube showed the usual slight variations of weight from day to 
day, but the weight did not increase. When two hundred litres had been passed 
through it, the weight was the same as at first, and the algebraic sum of all the 
slight variations during the course of the experiment was zero. It is obvious there- 
fore that if palladium is charged with hydrogen as in my experiments, it will give 


off no water. 


15.—SYNTHESIS OF WATER. IS OXYGEN ABSORBED BY THE PHOSPHORUS 
PENTOXIDE USED ? 

A source of error in the present series of experiments would exist, if the drying 
tubes used were capable of absorbing oxygen in their ordinary use. If this were 
the case, the drying tubes 4, 5, Fig. 36, would absorb oxygen, which would seem to 
have been combined with hydrogen. But all the pentoxide used in these experi- 
ments had been examined to determine whether it were suitable for the purpose. 

A drying tube filled with the pentoxide, @ 6, Fig. 39, was fused to the short 
arm of a syphon barometer lying on its side as seen. Pure dry oxygen was passed 


into ¢, escaping at d, and these two tubes were 


; : c 
closed by fusion while the current was pass- 
: : a 
ing. The barometer was then set upright, and a 
b 


securely fixed to a wall, so as to remain undis- 
turbed for months. <A tank of water was put 
so as to cover the drying tube, giving the — Fic. 39.—Apparatus for detecting absorption of 
means of knowing the temperature of the gas. oxygen! Dy paosp homs pentbaide); ailing 
A thermometer divided into fiftieths of a 


degree was placed in the water, and two other thermometers gave the temperature 


with oxygen. 


of the column of mercury. The apparatus was set up in a basement room of tol- 
erably constant temperature. As soon as it was set up, readings were taken till 
equilibrium was attained, when a split tube was fixed with its lower edge tangent 
to the upper meniscus of the mereury, at ¢, Fig. 40. The reading having been veri- 


g or cooling the water till the mercury was again 


fied several times, by warmin 


tangent to the mark, the pressure of the enclosed oxygen was known. 





| 
| 
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The same observations were then repeated after say 
ten days; if no diminution of pressure was noticed, 
the experiment was continued say fifty or a hundred 
days, when the final readings were made. In order to 
reduce the indications of pressure to weight, in one of 
these experiments, we need to know the approximate 
volume of the oxygen and the approximate height of 
the column of mercury. The first was estimated from 
the capacity of the tube; which suftices for a differential 
observation. ‘The height of the mercury was measured 





with a wooden metre. Correcting the observed pres- 


Fic. 40.—Apparatus for detecting ab- sures for the temperature of the mercurial column, we 
sorption of oxygen by phosphorus 


senloricsecaptetiecs have the results given below. 


periment. 
Temperature of Oxygen. Pressure. Weight. 
October 17 18.06' | 842.10 mm. .1485 gr. 
2 18.20° | 841.97 “ 1484 “ 
December 25 18.15° | 842.02 “ 1484“ 
27 18.16° 842.03“ .1484 “ 


In this sample, therefore, no appreciable absorption of oxygen by lower 
oxides of phosphorus was to be feared in the conditions in which the tubes were 
used. 

The precaution is by no means unnecessary, as a somewhat troublesome 
mishap showed, 

The result is of interest as confirming Regnault’s opinion that oxygen does not 
act on mercury at ordinary temperatures.* The contrary opinion is sometimes 
attributed to him. My observations, extending over some months, agree perfectly 


with his opinion. 
16.—SYNTHESIS OF WATER. DATA OF EXPERIMENTS. 


The two following tables give the results of the experiments. In Table I. 
are given the volume of the gas extracted after the combustion, with its composi- 
tion ; the weight of the hydrogen; and the weights of the oxygen found, of the 


* Mémoires de l’ Académie, 26, 237. 
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nitrogen, and of the oxygen equivalent to the carbon dioxide, all collected in a 


single value in the last column. 


Table I. gives the weights of the hydrogen and oxygen apparently taken from 


the sources of the two, by simple difference of the means of all the observations 


with the balance in each case. 


Then follow the corrections for difference of vol- 


umes in the two weighings, and for the residues found in the eudiometric analysis ; 


after which are given the amounts actually combined, with their ratio, and the 


weight of the water formed, with the ratio of this quantity to the hydrogen used in 


forming it. 


maT AMAR WN 


4 
ow 


al 
_ 


12 


Hydrogen 
Taken, 


3.2061 
3.2562 
3-8199 
3.8471 
3-8392 
3-8538 
3-8294 
3.8291 
g 3.8271 
10 63.8246 
lene eNO 22 
12 3.8207 


omar AN FW NE 


The mean values for 


Residue. 


Zoo 7 ite CG: 


10.69 
T2EOSn at 
32.10 
13.65 
107.93 

3.40 
14.80 
73-75 
119.94 
12.79 
37.78 


Air Cor- 
rection. 


+.0002 
-+.ooo1 

-0000 

.0000 

.0000 
-+.0052 
+.0005 
+ .0001 
+ .0007 
+.0025 
+ .0020 
+ .co16 


From ratio of hydrogen and oxygen 


From ratio of hydrogen and water 


TABLE I. 


Hydrogen. Nitrogen. Oxygen. 
20.3 CC. ONCE: Salice. 
Ana Crome O25 
On: olons: HOS 
2307) on TOL ys 
LOs7) iy oye) De Da 
Wh. ei Tey Fe 30.9 z 
2.0 0.0 Te2 
6:4) = 0.0 ** Oh Tg 
59:7 Ona G4 
Rife O:0ns (Sita 
cas ug TO 
Teo ors) 9 Aig h 
TABLE II. 
Teeidue Hydro- Oxygen Air Cor- 
* gen Used. Taken. rection. 
—.0018 3.2645 25.9307 —.0008 
—.0004 3.2559 25.8031 --.0008 
—.0006 3.8193 30.3276 +.0018 
—.0021 3.8450 30.5414 —.0002 
—.0010 3.8382 30.4723 +.0018 
—.0067 3.8523 30.0262 +.0019 
—.0002 3.8297 30.4036 —.0003 
—.0006 3.8286 30.4161 —.co76 
—.0053 3.8225 30.3769 —.0077 
—.0051 3.8220 30.4225 +.0093 
—.0005 3.7637 29.8884 -+.0090 
—.o012 3.8211 30.3683 -+.0092 


Carbon 
Dioxide. 


OVO ORO OS OF ORO. 
ON NW HN FH ON 


Residue. 


.0123 
.0092 
.0084 
.o118 
.OO4T 
.0463 
.0020 
.O119 
.O195 
.0889 
.O109 
.0346 


the atomic weight of oxygen 


$0 s)/eNenelicsee,e) si etisys 'eajlsiale. ie 


0.4 
2 0.6 


tN 
7 


pate ANDO 


Oxygen 
Used. 


25.9176 
25.8531 
30.3210 
32:5294 
30.4700 
30.5818 
30.4013 
30.3966 
39-3497 
39-3479 
29.8865 
32:3429 


are: 


Weight of 
Hydrogen, 


1.8 mg. 


“ 


Ratio, 


15.878 
15.981 
15.878 
15.880 
15.877 
15.877 
15.877 
15.878 
15.879 
15.881 
15.881 
15.882 


Weight of 
Oxygen. 


12.3 mg. 
Onin 


Water 


> Ratio. 
Formed. ~**"'® 


29.1788 17.877 
29.1052 17.878 
34-1389 17.873 
Apparatus broken. 
34.3151 17.881 
34-4327 17.876 
34.2284 17.875 
34.2261 17.879 
34.1742 17.881 
34.1743 17.883 
33 6540 17.883 
34.1559 17.878 


15.8792, and 
15.8785. 


If, then, no important source of error is detected in the processes employed, 


the atomic weight of oxygen referred to hydrogen as unity is very nearly 


OFS 15.870: 
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17.—ATOMIC WEIGHT COMPUTED FROM DENSITY AND VOLUMETRIC RATIOS. 


The atomic weight of oxygen may also be computed from the ratio of the 
densities of hydrogen and oxygen, together with the ratio of the volumes in which 
the gases combine. The value of the density of oxygen obtained in the forty-one 


experiments described in this paper is: 
Density-of Oxy genase. scms ine oclea aeitse ip ee ne oenenreras 1.42900 gr. 


For hydrogen, by the mean of twenty-three successful experiments in the 


third, fourth, and fifth series, the value is: 
Density of hydrogens. 275% cium tice gies = aia ete rainy wr eee -089873 gr. 


These values are for the sea level in latitude 45°. In order to compare them 
with the results of others, we may reduce to the values corresponding to the force 
of gravity at Paris by multiplying by 1.000316. We then have 


Density of oxygen at Paris. 22... 205-2655. - a 2 sien nes ss 1.42945 gr. 
Density of hydrogen at Paris........--..-++-+-seesseeerees .o8gg01 gr. 
Lord Rayleigh has lately published a table showing the values found by 


various experimenters, as follows : 
Oxygen. Hydrogen. 


Regnaullt, 1847. 2. = c0 «siete «in wiem of e¥oinins]a10 s orefsioieisio 1.42980 gr. .08958 gr. 
Corrected, by Grafitsic..\--ciiie s crie wrciertne sattieen = iy oie 1.43011 .08988 . 
Vion Jolly 288002 ye eter erate ante egeuehetale tate ele mtereheneinigy= (rete 1.42939 

Ditto; corrected isn nin cs sie ctadetot nie sels eitiens Meee ctr 1.42971 

MSC AUG ALSO The steve ol ascle hale ys Steyoye oleate tse ae mikes reps are 1.42910 .08985 
Rayleigh 189305120. occe ae siorepol ster ole /o halen yersiecret ts raat 1.42952 ,Ogoor 


In taking the mean, he omits the uncorrected numbers and obtains : 


Density of Oxygen; at Parisi. wie. sie eusei ier otein ons ier stale r= 1.42961 gr. 
Density of hydrogen, at Paris 50. 2. cv weiss. « 2 #\=12/> iris os vite eieiet= 08991 gr. 


Hence we obtain for the ratio: 


Ratio of densities, mean of all previous experiments.......... 15.9005 
Ratio of densities, my own experiments.......-- 0.200000 cee 15.9002 


As to the volumetric ratio, the value obtained in this paper is : 
Ratio of volumes of oxygen and hydrogen which combine..... 2.00269 


Soottihas found the Wale sc ore cpecreet ereqere ols tatcicdn slate cei etter 2.00285 
Leduc found, from two experiments, the value...........++.. 2.0037 
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But the reduction seems to have omitted to take into account the deviation 
of the gases from the law of Boyle. If we suppose that the gas which he 
weighed contained no excess of hydrogen, this value would become something like 
2.0024. 

Why the earlier experiments of Scott and myself gave values so much less 
than these need not be discussed now. Since our later experiments, as well as those 
of Ledue when properly reduced, give concordant results, we may have some 
confidence in them. 


If we combine the ratios of the densities and of the combining volumes 
obtained in this paper, we get the 


Atomic weight of oxygen 


sete cell steno cree ave loustshellel alladersforersieccrovepero(elo1s 15.879 
The results of my experiments are then as follows : 
Weight of one litre of oxygen, latitude AG a fete master evel ameieraist= 1.42900 gF. 
Weight of one litre of hydrogen, latitude 45° ....--..-++.++- .089873 gr. 
Atomic weight of oxygen, chemical method..........-.---- 15-879 
Molecular weight of water, chemical method.............-- 17.879 
Atomic weight of oxygen, physical methods.............--+ 15.879 


The last value is subject to correction by further determinations of the 
volumetric ratio. 


SUMMARY OF ALL PUBLISHED RESULTS. 


It may be useful to compare the values of the atomic ratio of oxygen and 
hydrogen, which have been obtained in this paper, with the results of other ex- 
perimenters. One such value may be computed by combining the ratio of the 
densities of the two gases, derived from all experiments hitherto published, with 
the ratio, determined by Scott, of the volumes in which the gases unite. Deter- 
minations of the ratio of the densities have been made by Regnault,* Rayleigh, 
Cooke,t and by Leduc.§ Regnault and Leduc measured volume and pressure at 
the temperature of melting ice; the others at the temperature of the laboratory. 
Cooke weighed hydrogen and air, and compared the ratio of their densities with 


the ratio of the densities of air and oxygen, determined by Regnault. The results 


* Mémoires de UV Académie, 21, 143 ; with Comptes Rendus, 106, 1662. 
+ Proceedings of the Royal Society, 43, 35; 5°, 448. 
t American Chemical F ournal, 11, 537. 


$ Comptes Rendus, t13, 186. 
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of the experiments are given, with some facts which may assist in forming an 


opinion of the merits of the experiments, in the following table: 


RATIO OF DENSITIES OF 


OXYGEN AND HYDROGEN, 


Observer. Gas Number of Amounts Values Probable Weights of 
Experiments. Weighed. Found. Errors, Results. 
Regnault. H 3 0.88 gr. 
O 3 i4sn. 15.9105 0.0047 0.20 
Rayleigh, H 2 OSes 
1887. O 2 Bias 15.884 0.0047 0.20 
Rayleigh, H 19 0,15). 
1892. O 11 25 15.882 0 0021 1.00 
Cooke. H 3 0.41 “ 
Ai 3 5.95 “ 15,890 0.0067 0,10 
Leduc. H 3 0.20 “ 
O 3 3.18 “ 15.905 0.0103 0.04 


The last column gives weights assigned according to the probable errors, which 


are given in the previous column. The mean, with these weights, is 


D = 15.887 + 0.0017. 


Since the weights assigned to the observations at common temperatures are five 
times as much as those assigned the observations at 0°C., we may consider this 
mean as holding for common temperatures ; we therefore combine with it the value, 
given by Scott* from forty-seven selected observations, of the ratio of the volumes 
in which the gases combine when measured at common temperatures, 


R = 2.c0245 + 0.0005. 
From these ratios we obtain the atomie ratio, 
O = 15.868 + 0.0017. 


The atomic ratio has been determined directly by Berzelius and Dulong,+ 


Dumas,{ Erdmann and Marehand,§ Cooke and Richards,| Keiser,4] Noyes,** 


* Philosophical Transactions of the Royal Society, 184, A, 543 (1893). 
+ Annales de Chimie et de Physique, [2] 15, 389. 


t Annales de Chimie et de Physique, [3] 8, 200. 


§ Fournal fuer praktische Chemie, 26, 468. 


|| American Chemical Fournal, 10, 81, and 191. 


© American Chemical F ournal, 10, 249. 


** American Chemical Fournal, 12, 441. 
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Dittmar and Henderson,* Rayleigh,+ and by Leduc.{ The values which they 14 


found are given in the following table, together with the value computed above 


from the ratio of the densities ; they are arranged in the order of their magnitude. 
> 


SUMMARY OF DETERMINATIONS OF THE ATOMIC WEIGHT OF OXYGEN. 


Quantities Weighed Values Probable 
Observer. Directly. Found, Errors. 
Dittmar and Henderson. Oxygen and water 15.866 0.0062 
See First Table. Ratios 15.868 0.0017 
Cooke and Richards. Hydrogen and water 15.869 0.0017 
Leduc. Oxygen and water 15.881 0.012 § 
Rayleigh. Hydrogen and oxygen 15.89 0.0088 
Berzelius and Dulong. Oxygen and water 15.894 0.031 
Noyes. Hydrogen and oxygen 15.897 0.0017 
Keiser. Hydrogen and water 15.950 0.0010 
Dumas. Oxygen and water 15.961 0.0070 
Erdmann and Marchand. Oxygen and water 15.975 0.011 


The result of Berzelius and Dulong has so large a probable error that it may 
be disregarded. Those of Dumas and of Erdmann and Marchand may be safely 
dismissed from consideration, on account of the error detected by Dumas at the 
end of his work. There remain only the results which have been published within 
the last ten years. Six of these results differ but little from their mean, which has 
the value 15.88: one result differs from this mean by 0.07 ; it is difficult to resist 
the suspicion that some source of constant error vitiated this discordant value. The 
results which remain are those upon which our present knowledge of the atomic 
weight of oxygen will doubtless be considered to rest. They are repeated, with 
some details which may serve to assist in judging of the trustworthiness of the sev- 
eral series of determinations, for the convenience of any who may not care to refer 
to the original papers. 


VALUES ON WHICH OUR KNOWLEDGE OF THE ATOMIC WEIGHT OF OXYGEN DEPENDS, 


a og 
rome an I w 8 
Sa co Moen oc cen ee ne 
s an Cee = oo = eo = Oo fe = 
Observer. 33 o 2 2d, 5 Ss 3 St 2 ‘3 5 
5.04 Sx SAY =A f= Goi a OR 
OFA A <n 405 <3e > ae 
Dittmar and Henderson. Oxygen and water 7 (of 11) 21.4 gr. 24.1 gr. 15.866 0.0062 
See First Table. Ratios 32 and 47 See First Table. — 15.868 0.0017 
Cooke and Richards. Hydrogen and water 16 0.42 gr. — 3.8 ‘© 15.869 0.0017 
Morley, I. Hydrogen and water II N75 ioe _— 34 ‘* 15.879 0.00066 
Il, Ratios 23and1o0 To3.75 gr. To31gr. _ 15.879 0.0014 
Ill. Hydrogen andoxygen, 12 3.75 gr. 30. gr. — 15.879 0.00032 
Leduc. Oxygen and water 2 — COST 21 ‘* 15.881 0.012 
Rayleigh. Hydrogen and oxygen 5 ONT O50) sw = 15.89 0.0088 
Noyes. Hydrogenand oxygen 24 OnTiinim On tiie = 15.897 0.0017 


* Proceedings of the Philosophical Soctety (Glasgow), 22, 33 (1891). 
+ Proceedings of the Royal Soctety, 45, 425. 
t Comptes Rendus, 115, 43. § The probable error of Leduc’s result is arbitrarily assigned on the 


assumption that one of his experiments was equal in accuracy to one of Dittmar and Henderson’s, 
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I have entered my three results separately in the table, in order to indicate the 
probable errors of the several values. It is obvious, from a comparison of the nine 
results, that we may compute a mean in almost any way which even caprice may 
suggest, without materially altering the value deduced. We may assign equal 
weights to all the values, or weights proportional to the numbers of observations in 
each series, or according to our judgment of the merits of the processes employed, 
or inversely as the probable errors, or inversely as the squares of the probable 
errors; in each case, our mean differs from the value obtained in the last case, 


O=75:570, 


by less than a ten-thousandth of this quantity. Until further light is obtained 
concerning the sources of error which, doubtless, affect all these experiments, this 
value is the most probable which can be derived from the existing data. 





a 


INDEX. 


Air-pumps, 17, 69. 
Analysis of electrolytic gas, 88, 9I. 
2 es “oxidation of mercury in, 89. 


Balances used, 28, 37, 48, 97. 
vs protected from currents of air, 29, 30. 


Capacity of globes for weighing gases, method of determining, 2. 
es “ a “table of results, 12, 76. 
Cathetometer, 23. 
Combination of hydrogen ani oxygen, apparatus for, 99. 
e ss manipulation in, 100. 
Composition, volumetric, of water, method for determining, 83. 
as f «results, 95: 
Compression of exhausted globes, 16. 
Correction for difference of volumes to be weighed, 16, 48. 
Counterpoise, for combustion apparatus, 99. 
2 for globes, 16. 
se for tube holding palladium, 71, 98. 


Desiccators for globes, 35, 54. 
sf “drying air in, 36. 
Density, results for electrolytic mixture, 92. 
sé “ for hydrogen, 60, 63, 74, 80. 
a “for oxygen, 32, 50, 55- 


Error, sources of, 74, 105. 
Eudiometer, large, 89. 
Exhaustion, measurement of, 18. 
Expansion, of brass, value assumed, 5. 
ss of water, value assumed, 5, 10. 
ss of glass, determination, Io. 


Gas, electrolytic, analysis of, 88, 91. 
ss 2 density, 92. 
e voltameter for producing, 85. 


Glass, expansion determined, II. 
115 





116 INDEX. 


Globes, capacity of, method of determining, 2. 
< 5s table of results, 12, 76. 
“hydrostatic weighing, 6, 9. 
“change of surface of, 45. 
“compression when exhausted, mode of determining, 14. 
cs sy - results, 16. _ 
“density of material, 11. 
““ desiccators for, 35. 
“filling with hydrogen, 57, 62. 
i ‘with oxygen, 18, 36, 51. 
“hydrostatic weighing, 6, 9. 
“preliminary weighing, 3. 
“solid contents of, 11. 

Gravity, determination of, at Cleveland, 27: 


Hydrogen and oxygen, ratio of atomic weights, 109, 110, 114. 
a density of, results, 60, 63. 


aS rs “by new method, apparatus for, 66, 77. 
Ye a fs Ss results, 74, 80. 

“ preparation of, 57, 61. 

i purity of, method of determining, 57. 


oe transfer of, without using stopcocks, file 
Leakage of stopcocks, prevention of, 47, 66, 98. 


Mano-barometer, 22. 

Manometer, differential, 33. 

Mercury, and glass, leakage of air between, 89. 
“oxidation of, in eudiometer, 89. 

Microscopes, reading, 23. 


Nitrogen, amount of, found in hydrogen, 59. 


Oxygen and hydrogen, ratio of atomic weights, 109, 110, 114. 


- density of, results, 32, 50, 55. 
“ preparation of, 19, 52, 96. 

< purity of, 21. 

“weighing of, for syntheses, 96. 


Palladium, charging with hydrogen, 7o. 
s hydrostatic weighing of, 70, 98, 99. 
“ weighing, 71. 
Phosphorus pentoxide, behavior of, towards oxygen, 107. 
Se drying power, 21, 106. 
Preparation of hydrogen, 57, OL 
ue of oxygen, 19, 52. 
Pressure, measurement Of, 22, 33; 53; O2,/72, 86. 
Purity of hydrogen, 57. 
“of oxygen, 21. 








INDEX, 


Reversal, weighing by, 43. 
ff “mechanism for, 38, 97. 


Scale, barometer, correction for, 27, 28. 
Stopcocks, avoiding use of, 47, 64, 76. 
preventing leakage through, 47, 66. 
sf substitutes for, 71, 78, 84, 87. 
Synthesis of water, method, 96. 
“ “results, 109. 


Temperature, measurement of, 8, 22. 
Thermometers, 7, 22, 25, 26. 
a calibration of, 7, 25. 
i fixed points of, 25. 


Vacuum, in barometer, 25. 
Volumes of globes, determination of, 8. 
s weighed, correction for difference of, 48. 


Water, correction for weights immersed in, 5. 
expansion of, value assumed, 5, IO. 


es cs & Seresult, 195: 
“synthesis of, apparatus for, 99. ; 
“ : method for, 96. 

. “sources of error in, 105. 
ce results of, 109. 


Weighing, hydrostatic, of globes, 6, 9. 
we preliminary, of globes, 3. . 
Weights, values of, 5, 6, 31. 
sf verification of, 5, 30, 73. 


volumetric composition of, method for determining, 83. 


LG 





Oe 


er ee 











TAN CONTRIBUTIONS TO KNOWLEDGE, 
ave i ga a ca 








‘Wodgkins jfund. 


PHE 


COMPOSITION OF EXPIRED AIR 


AND ITS 


EFFECTS UPON ANIMAL LIFE. 


Pa \ BY 
j. S. BILLINGS, M.D., S. WEIR MITCHELL, M.D. 
AND D. H. BERGEY, M.D. 


CITY OF WASHINGTON : 
PUBLISHED BY THE SMITHSONIAN INSTITUTION. 
1895. 








ue Se AEE S 















AUG 81 1914 





Nation Mi 


v 








oa 


a . 


= 


a 





wet 


The nickerbocker Press, New Rochelle, W. VY. 


es alee 





2 a ew , = a x 4 
7 ae <> a 4 
. Star + par « gs 
yn 2 Ph, eet a ar P ' 
see { Lee aon : See : ee 


ns poche oT 
NIAN CONTRIBUTIONS TO KNOWLEDGE. 
Deer tee . Eee RG 





— hodghins sun. 


REL 


COMPOSITION OF EXPIRED AIR 


AN Diels 


EFFECTS UPON ANIMAL LIFE. 





BY 
iS BILLINGS M.D. S. WEIR MITCHELL, MD: 
AND D: He BERGE Y,NED: 


CITY OF WASHINGTON : 
PUBLISHED BY THE SMITHSONIAN INSTITUTION. 


1895. 








COMMISSION TO WHOM THIS MEMOIR 
HAS BEEN REFERRED, 


HORATIO C. WOOD. 
WILLIAM HENRY WELCH. 
CHARLES SEDGWICK MINOT. 


il 


ADVERTISEMENT. 


. 


The present memoir is the result of a series of investigations made 
by Doctors J. 8. Billings and 8. Weir Mitchell, assisted by Doctor D. H. 


Bergey, under a grant from the Hodgkins Fund of the Smithsonian 












Institution, for the purpose of determining the nature of the peculiar 
substances of organic origin contained in the air expired by human beings, 
with special reference to the practical application of the results obtained 
to problems of ventilation for inhabited rooms. 

In accordance with the rule adopted by the Smithsonian Institution 
the work has been submitted to a committee, in the present instance con- 
sisting of Doctor H. C. Wood, Professor William.H. Welch, and Professor 
Charles 8. Minot, and having been recommended by them for publication, 


it is herewith presented in the series of Contributions to Knowledge. 


S. P. LANGLEY, 


SECRETARY. 


Wasurneton, November, 1895. 


ul 














Tue Composition or Exrirep Air, anp its Errects upon 
AnimaL Lire. 


REPORT ON THE RESULTS OF AN INVESTIGATION MADE FOR THE SMITHSONIAN INSTI- 


TUTION UNDER THE PROVISIONS OF THE HODGKINS FUND. 


By J. 8. Briuines, M.D., 8. Wer Mrrenett, M.D., ann D. H. Berery, M.D. 


In May, 1893, a grant was made from the Hodgkins Fund to Drs. John 8. 
Billings and 8S. Weir Mitchell,“ for the purpose of conducting an investigation into 
the nature of the peculiar substances of organic origin contained in the air expired 
by human beings, with special reference to the practical application of the results 
obtained to problems of ventilation for inhabited rooms.” 

For a number of years prior to 1888 the prevailing view among physicians and 
sanitarians had been that the discomfort and dangers to health and life which had 
been known to exist, sometimes at least, in unventilated rooms occupied by a num- 
ber of human beings, were largely or entirely due to peculiar organic matters con- 
tained in the air expired by these persons, and that the increase in carbonic acid 
due to respiration had but little effect in producing these results, its chief import- 
ance being that it furnished a convenient means of determining the amount of 
vitiation of the air. Recently, however, several experimenters have concluded that 
the organic matters in the exhaled breath are not harmful, at all events to animals, 
and the main object of the proposed investigation was to determine the correctness 
of these conclusions. For this purpose a scheme of experimentation was prepared 
by Drs. Billings and Mitchell, which scheme has been carried out in the Laboratory 
of Hygiene of the University of Pennsylvania, by Dr. D. H. Bergey, assisted at 
times in the chemical work by Dr. Hill 8. Warwick, and in some of the pathological 
investigations by Dr. Ingersoll Olmsted, and under the general supervision of Dr. 
A. C. Abbott, First Assistant in the Laboratory, to whom thanks are due for many 
valuable suggestions during the progress of the work. From time to time Dr. 
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Bergey’s notes on the results of his experiments have been submitted to Drs. Bill- 
ings and Mitchell, who have suggested modifications or new experiments as the 
work progressed. This report is based on these notes, and accompanying tables and 
charts, given in the Appendix. 

The effects produced ou animals and men by an atmosphere contaminated with 
their exhalations, and with particulate matters derived from their bodies or their 
immediate surroundings, may be divided into acute and chronic. The acute effect 
may be death in a few minutes or hours, as shown by the results observed in the 
Black Hole of Calcutta, in the steamer Londonderry, and in many of the experi- 
ments referred to in this report, or it may be simply great discomfort, especially in 
those unaccustomed to such conditions. 

The chronic effects include the favoring of the action of certain specific causes 
of disease commonly known as contagious, if these are present, and perhaps also a 
general lowering of vitality. ; 

The statistical evidence collected by the English Barrack and Hospital Com- 
mission (1) * as to the effects of insufficient ventilation upon the health of soldiers 
in barracks, published in 1861, showed that men who live for a considerable portion 
of their time in badly ventilated rooms have higher sickness and death-rates than 
have those who occupy well ventilated rooms, other conditions being the same ; and 
this has also been found to be true with regard to monkeys and other animals. It- 
is evident, however, that in a room occupied by animals or men there are many 
sources of impurity besides the exhaled breath, and it is still a question whether the 
expired air contains substances injurious to life, excluding carbonie acid. 

The widely divergent results obtained and conclusions reached by different 
investigators during the last ten years as to whether the exhaled breath of men and 
animals contains a peculiar volatile organic poison, have made it desirable to repeat 
and vary such experiments in order, if possible, to settle this important point. The 
chemical analyses of the air of overcrowded rooms, and the experiments upon 
animals with various proportions of carbonic acid, made by many investigators, 
indicate that the evil effects observed are probably not due to the comparatively 
small proportions of carbonic acid usually found under such circumstances. 

It was shown by Leblane (2), in 1842-43, that an animal ean breathe an 
atmosphere containing as much as 30 per cent. of carbonic acid for three-quarters of 
an hour, provided that the percentage of oxygen was 70, and then quickly recover 
from the depression induced by this mixture after removal to the normal atmos- 
phere. He also demonstrated that under the conditions in which the quantity of 


* The numbers in parentheses refer to the bibliographical list appended to this report. 
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carbonic acid rises perceptibly in theatres, etc., the reduction of oxygen is quite 
insignificant, and that the proportion rarely falls below 20 per cent. 

Regnault and Reiset, (3), in 1849, also found that when suflicient oxygen is 
supplied to an atmosphere quite rich in carbonic acid, an animal can still live in it. 
Friedlander and Herter (4) found that the breathing of an atmosphere containing 
20 per cent. of carbonic acid for an hour produced no symptoms of depression, but 
caused stimulation of the respiratory centres and an increased activity of the 
heart. 

Claude Bernard (5), in 1857, experimented with animals confined in atmos- 
pheric air and in mixtures both richer and poorer in oxygen than atmospheric air. 
A small bird placed in a bell glass of a little more than two litres’ capacity, containing 
a mixture of 13 per cent. carbonic acid, 39 per cent. oxygen, and 48 per cent. of 
nitrogen, died in two and one-half hours. He demonstrated that carbonic acid is 
not poisonous when injected under the skin of animals—as much as one litre 
injected under the skin of a rabbit producing no ill effects. No ill effects followed 
the injection of the gas into the jugular vein and into the carotid artery. An 
atmosphere of equal parts of oxygen and nitrogen had no effect upon an animal 
confined in it, while an atmosphere composed of equal parts of carbonic acid and 
of oxygen produced immediate death in the animal placed in it. He explains the 
poisonous effects of carbonic acid when respired to be due to the fact that it 
deprives the animal of oxygen. Similar results were reported by Valentin (6) 
and by Paul Bert (7). 

Richardson, in 1860-61, (8), found that a temperature much higher or lower 
than 20° C. had the effect of shortening very considerably the lives of animals con- 
fined in an unventilated jar, and that these effects were more marked when the 
animals were confined in an atmosphere richer in oxygen than air, im which case 
he found that by passing electric sparks from a frictional machine through the 
fatal air (having previously deprived it of its carbonic acid) it was again made 
capable of supporting life, from which he concluded that the oxygen is “ devital- 
ized” during respiration, and that the electric spark has the faculty of revital- 
izing it. 

Von Pettenkofer, in 1860-63, (9), showed that the symptoms observed in 
crowded ill-ventilated places were not produced by the excess of carbonic acid, nor 
by a decrease in the proportion of oxygen in the air; neither of these being sufti- 
cient in our dwellings, theatres, ete., to produce toxic effects. He did not believe 
that the impure air of dwellings was directly capable of originating specific dis- 
eases, or that it was really a poison in the ordinary sense of the term, but that it 
diminished the capability of withstanding the influence of disease-producing agen- 
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cies on the part of those continually breathing such air, and laid down the rule, 
which has been accepted and taught by sanitarians for thirty-five years, that the 
proportion of carbonic acid in the atmosphere of inhabited places affords a safe 
indication as to the amount of the other impurities resulting from respiration and 
other exhalations from the bodies of the occupants. 

Hammond, in 1863, (10), reported experiments in which he sought to remove 
the carbonic acid and moisture, and to supply fresh air as fast as it is needed to 
take the place of the carbonic acid removed, thus leaving the “ organie matter” to 
accumulate in the vessel. For this purpose he confined a mouse in a large jar, in 
which were several sponges saturated with baryta-water, by which the carbonic 
acid was removed as fast as formed. Fresh air was supplied as fast as required by 
means of a tube communicating with the bell jar and closed by water in the bend 
of the tube, which acted as a valve. As the air in the bell glass was rarefied by 
respiration and absorption of the carbonic acid, fresh air flowed in from without, 
while the arrangement of the tube prevented the air of the bell glass from passing 
out. The watery vapor exhaled by the animal was absorbed by two or three 
small pieces of chloride of calcium. The mouse died in forty minutes. The 
observation was repeated many times, and death ensued invariably (in less 
than an hour. On causing the vitiated air to pass through a solution of 
permanganate of potash the presence of organic matters in large quantity was 
demonstrated. 

Ransome, in 1870, (11), reported a series of very interesting investigations 
upon “ Organic Matter of Human Breath in Health and Disease.” By condensing 
the aqueous vapor of the human breath and analyzing it by the Wanklyn and 
Chapman method, he found that “in ordinary respiration about 0.2 g. of organic 
matter is given off from a healthy man’s lungs in 24 hours,” while in the air 
expired by persons affected with certain diseases, he found great variations in the 
amount of organic matter, the amount being greatest in a case of phthisis compli- 
cated with Bright’s disease. 

Smith (12) employed a lead chamber in his investigations upon the question 
whether human lungs give off any poisonous agent other than carbonic acid. He 
found the pulse to fall from 73 to 57 beats per minute, and the number of respirations 
to rise from 15.5 to 24, as the carbonic acid in the atmosphere increased from .04 
to 1.73 per cent. during four hours. When the proportion of carbonic acid rose to 
3 per cent. there appeared great weakness of the circulation with slowing of the 
heart’s action, and great difficulty in respiration. He believed that these results 
should be attributed to other conditions rather than to the excess of carbonie acid, 
because he found later that it was only when lamps became dim in an atmosphere 
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—indieating a proportion of about 10 per cent. of carbonic acid present—that the 
respiration became difficult. 

Seegen and Nowak, in 1879, (13), believed they had demonstrated the presence 
of poisonous organic matter in the expired breath, but the quantity found was so 
small that they failed to determine its exact nature and properties. 

Hermans, in 1883, (14), was unable to detect any organic matter in the atmos- 
phere of a tin cage in which several persons had been confined for a number of 
hours, and found that an atmosphere containing from 2 to 4 per cent. of carbonic 
acid and 15 per cent. of oxygen was not toxie. 

Brown-Séquard and @’Arsonval, in 1887, (15), reported that the air expired by 
men and dogs in a state of health has the power of producing toxic phenomena; 
citing three series of experiments on rabbits where such phenomena were observed. 
In the first series they injected into the vascular system of a rabbit 4 to 6 ¢. ¢. of 
fluid obtained by injecting from 15 to 25 ¢ ¢. of pure filtered water into the 
trachea of a dog. In a second series, from 6 to 7 ¢. e. of a liquid obtained by con- 
densing the moisture in the exhaled breath of a man, were injected into the aorta, 
or into a vein, of arabbit. In the third series from 4 to6 ¢.¢. of a liquid, obtained 
by condensing the moisture in the exhaled breath of a tracheotomized dog, were 
used. The condensed liquid thus obtained was filtered and then injected either 
into the jugular vein or the carotid artery. 

The symptoms observed were dilatation of the pupils and increase of the heart- 
beat to 240, 280, or even 320 per minute, lasting for several days or even weeks. 
The temperature remained normal; the respiratory movements were generally 
slowed ; and usually there was observed paralysis of the posterior members 
Choleraic diarrhcea was invariably present. Death usually took place in a few 
days, or at the farthest in four or five weeks. As a rule, it appeared that larger 
doses caused labored respiration, violent retching, and contracted pupils. A rapid 


° 


lowering of temperature, 0.5 ° to 5.° C., was sometimes observed. The appearances 
that presented post mortem were much like those observed in cardiae syncope. 

They believed they had discovered a volatile organic poison in the exhaled 
breath and the moisture condensed from it. This poison they believed to be of 
the nature of an organic alkaloid, or a ptomaine not unlike Brieger’s ptomaine 
(16). 

In further reports, in 1888, (17), they state that none of eleven rabbits in 
which the condensed pulmonary vapor had been injected into the vascular system 
in doses of 12 to 30 ¢. c. survived, but of eight rabbits receiving an injection of 
from 4 to 8 c. ¢., three were living after the lapse of from four to five weeks, but 
were then weak. When the fluid was injected under the skin of the thorax and 
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in the axilla, five out of seven rabbits died rapidly. The results were much the 
same as when it was injected into the blood. The quantity of the condensed liquid 
injected in these seven was: 20 c. ¢. in one case, 25 ¢. ¢, in three cases, 31 ¢. ¢. in 
one case, 40 c, c. in one case, and 44 ¢. c. in another case. After death, consider- 
able congestion of the viscera was noted, especially of the lungs. No appearance 
of embolism was noted. The brains and its membranes were congested, but with- 
out visible lesion. The condensed liquid turns concentrated sulphuric acid yellow. 
The poison is reduced by ammoniacal nitrate of silver solution as well as by chloride 
of gold. After boiling in a close vessel it is still toxic, showing that the poison is 
not a micro-organism. The boiled lung liquid poisons with more rapidity than that 
which has not been sterilized, and may kill a pigeon and a guinea-pig as well as a 
rabbit; it may kill by being injected into the rectum or into the stomach; a 
guinea-pig two months old was killed within twelve hours by an injection of 3 ¢. ¢. 
into the peritoneal cavity. If injected into the lungs this liquid produces rapid 
congestion followed by true inflammation and red hepatization. 

In an experiment with two dogs it was arranged that one breathed ordinary 
air and the second inhaled air which came from the lungs of the other. The dogs 
were of the same weight, 15 kilograms. The experiment continued for six hours 
and forty minutes. No appreciable or immediate consecutive accidents were 
produced. 

In a second experiment the pulmonary liquid was collected from dogs through 
a tracheotomy tube to exclude impurities furnished by the mouth. The air inhaled 
was first washed to remove dust. The moisture in the air expired was condensed, 
and the liquid collected in a flask surrounded by ice. At the moment of injection 
this liquid was filtered, and was then injected at the temperature of the laboratory, 
about 12° C. If the animal was kept immovable from 12 to 16 hours, inflammation 
of the air passages was produced. The liquid of the first hours came from a 
thoroughly sound lung, and in the later hours from a diseased lung. The two 
were collected separately and tried separately. For one kilogram of the animal, 
for each hour, the mean quantity of fluid obtained was 0.38 grammes, varying 
from 0.28 to 0.48 grammes. It was greater in the beginning and lessened the longer 
the animal was kept in a fixed position. It was injected into the marginal vein of 
the ear of a rabbit by means of a syringe, 75 c. c. being injected. When the injec- 
tion did not exceed 40 to 50 ¢. ¢. the time occupied by the injection was from 6 to 
15 minutes. Experiments made by injections upon the dog were negative with- 
out exception. Experiments made upon the rabbit produced lesions, but the 
relation between these and the injections was uncertain. 

Dastre and Loye, in 1888, (18), reported that they had exposed one dog to 








- ie AND ITS EFFECTS UPON ANIMAL LIFE. 7 


the expired breath of another for six hours without noting any effects. They 
inoculated animals with the condensed moisture of respiration, as follows : 


5 rabbits, eu 33 i 75 “ c. of the fluid. Results negative. 
2 guinea-pigs 5 . 7 . ae “ “ “ 
2 dogs ; “ce 30 “ce 53 ae “ce “ “ “cc 
> 
2 frogs “ 2 “ iS “cc “c o oa “ce 
? 
2 rabbits, me SO) ec lgor = ¥ Died. 
A young dog, 30 “ of water. i 


They found that 50 to 70 ¢. ¢. of the condensed fluid of respiration (20 to 35 
e.c. per kilo.) could be injected into the veins of the ear of a dog without producing 
‘any of the symptoms reported by Brown-Séquard and d’Arsonval. They observed 
one death during the injection of 190 ¢. ¢. (60 ¢.c. per kilo.), yet by control experi- 





ments with water they obtained a more remarkable result—a rapid death from the 
injection of 30 ¢. c. of distilled water (25 ¢. c. per kilo.). 

Russo-Giliberti and Alessi, in 1888, (19), reported experiments confirming the 
results obtained by Dastre and Loye. 

Wirtz, in 1888, (20), attempted to obtain the “ ptomaine” of Brown-Séquard 
and d’Arsonval from the fluid condensed from expired air. By expiring through a 
1 per cent. solution of oxalic acid he obtained, besides ammonia, a volatile organic 
base which was precipitated by Bouchardet’s reagent and by potassio-mercuric 
iodide. With platinic chloride it formed a double salt, crystallizing in short needles, 
and a soluble salt with auric chloride. When heated to 100° C. it gave off a 
peculiar odor. This basic substance, he thought, might be regarded as a leuco- 
maine. 

Brown-Séquard and d’Arsonval, in 1889, (21), reported a new form of experi- 
ment by means of which they obtained additional evidence in support of their for- 
mer statements. The new form of experiment consisted in confining animals 
(rabbits) in a series of metallic cages connected by means of rubber tubing, through 
which a constant current of air is aspirated. The animal in the last cage of the 
series receives air that has traversed the entire series of cages, and is loaded with 
the impurities from the lungs of the animals in the other cages. This animal suc- 
cumbs, after a time, to the atmospheric conditions present. After another interval 
of some hours, the animal in the next to the last cage also dies; the first and second 
animals usually remaining alive. They could not attribute the death of these 
animals to excess of carbonic acid in the atmosphere of the cages, because they 
rarely found more than 3 per cent. of this gas in the last jar with small animals, or 
6 per cent. with larger animals. On placing absorption tubes containing concen- 
trated H, SO, between the last two cages, the animal in the last cage remained 
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alive, while that in the cage before it was the first to die. They concluded from 
these facts, that the death of the animals was produced by a volatile poison, which 
poison is absorbed by the H,SO,, which thus saves the life of the animal in the last 
cage. 

They stated (22) that any alkali used to absorb carbonic acid from expired air 
would also change the organic poison, and proposed an apparatus by means of 
which the organic poison should be supplied to the fresh air entering the jars by 
volatilizing it from fluid condensed from the expired air. 

Von Hofmann-Wellenhof, in 1888, (23), found that when he injected large quan- 
tities of the condensed fluid of respiration at 12° C., instead of at 37° C.—intravenous 
injection,—a resemblance of the results obtained by Brown-Séquard and d’Arsonval 
was produced. Under such circumstances he observed muscle weakness, slowing 
of respiration, fall of temperature, and dilatation of the pupils, though the animals 
remained alive. He injected 10 rabbits with 6 to 30 c¢. ¢. of the fluid warmed to 
the body temperature, all the results being negative. Three other animals were in- 
jected in the jugular vein—one receiving 28 ¢. ¢. of the fluid, another 25 ¢. ¢. 
of distilled water, and a third 50 ce. c. of distilled water. There was no 
difference in the symptoms noted in the animals. He noticed symptoms of depres- 





sion only after injecting 50 e. ¢., or more, of the fluid. Ina series of 17 experiments 
with inoculations of from 30 to 50 ¢. ¢. each of the fluid, in 12 there appeared 
heemoglobinuria ; 6 of these died. As the result of his experiments, he concluded 
that the existence of a volatile poison in the expired air of healthy human beings 
has not been demonstrated by his experiments; this being a direct contradiction of 
the results of Brown-Séquard and d’Arsonval, as were also those of Dastre and 
Loye. 

Uffelmann, in 1888, (24), found that there was a perceptible increase in organic 
matter in the atmosphere of a sleeping-room occupied by several persons for some 
hours, increasing in amount with the length of time the room was occupied. 

Lehmann and Jessen, in 1890, (25), collected 15-20 c. c. of condensed fluid per 
hour from the breath of a person exhaling through a glass spiral laid in ice. The fluid 
was always clear as water, odorless, and of neutral reaction. Nessler’s reagent showed 
the presence of ammonia constantly, with good teeth but little, sometimes merely 
a trace, with bad teeth, more, though never more than 10 mg. of NH,Cl in one litre. 
Traces of HCl were also constantly found. A small sediment remained on evapora- 
tion, ranging from 39 to 86.4 mg. per litre of fluid. This they believed to originate 
from the glass vessel; being probably calcium oxalate. They tested its reducing 
power upon solution of permanganate of potash, making two control determinations. 
The first determination showed 3.6 mg. of O for the oxidation of 1 L.; the second, 
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4.2 mg. of O. They were unable to obtain any alkaloid reaction in the condensed 
fluid, or in its distillates, by means of PtCl,, Au Cl,, KCdI, KBil, KI, Bouchardet’s 
reagent, K,CrO,, picric acid, metawolframic acid, or phosphowolframie acid. 
Only sublimate gave at times an opalescence which, like the yellow coloration of 
the Nessler reagent, pointed to traces of NH,. Neither could they succeed, accord- 
ing to the method of Witz, in. obtaining a lime or oxalic acid-free filtrate, The 
ammoniacal silver solution, according to Brown-Séquard and d’Arsonval’s method, 
failed to give the desired reaction—remaining clear. They confined a man, clothed 
in his working clothes, in a zine cage for about one-half an hour, then allowed a 
boy and girl to inhale the air from the cage. No ill effects, except increase of 
respirations to 30 and 40 per minute, were noticeable. They had complete negative 
results from inoculations of condensed fluid into animals. 

Lipari and Crisafulli, in 1889-90, (26), reported results which were in accord 
with those of Dastre and Loye, and directly opposed to those of Brown-Séquard 
and d’Arsonval. They could find no organie principle possessing toxie properties 
in the expired breath of healthy persons. 

Margouty, in 1891, (27), reported the results of experiments similar to those 
of Hammond, and also of experiments in injecting fluid condensed from expired air 
into animals. His results did not correspond to those reported by Hammond, and 
there was no evidence of toxic properties in the injected fluids. ; 

Haldane and Smith, in 1892, (28), published an account of experiments in 
which an air-tight chamber, 6 feet 2 inches high, 2 feet 11 inches wide, and 3 feet 
11 inches long, was employed. Samples of air for analysis were drawn off 
through a tube placed in the wall of the chamber, about three feet from the floor, 
When one person remained in this chamber until the vitiation was from ten to 
twenty times as great as in the most crowded and worst ventilated public build- 
ings, there was no perceptible odor or sense of oppression. Air vitiated to such an 
extent as to completely prevent a match from burning had no appreciable effect 
upon the subject of the experiment. In other experiments hyperncea and other 
phenomena produced were apparently due to the increased proportion of carbonic 
acid. 

With rabbits weighing 1800 grammes, hematuria was produced when the 
amount of boiled distilled water injected passed beyond 100 ¢. ¢., and, therefore, 
80 c. c. were taken as the maximum dose. 

To obtain the condensed liquid from the lungs, a man expired through a Lie- 
big condenser, in the jacket of which was flowing a stream of ice-cold water, The 
condensation liquid was collected in a flask, the bulb of which was buried in ice ; 
and when the required amount (80 c.¢.) had been obtained, it was at once injected 
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into the subcutaneous tissue of the back. Six rabbits were thus injected, each 
with 80 ¢. ¢. of the fluid, with no evident disturbance of health in any of them; 
80 e. ¢. to a rabbit corresponds to a dose of about 3 litres to a man. They also 
repeated the experiments of Brown-Séquard and d’Arsonval in supplying to the 
animals air charged with organic matter drawn directly from the lungs of other 
animals. Two large rabbits were placed in an air-tight chamber and a current of 
air drawn through this was supplied to two young rabbits under observation ; no 
effect was produced, 

Merkel, in 1892, (29), reported an experiment in which four air-tight glass 
vessels, of 14 litres capacity, were connected by means of glass tubes; a mouse 
being placed in each vessel. Between the third and fourth vessels a Geissler 
absorption tube, containing sulphuric acid, was interposed. Air was now drawn 
slowly through the vessels by means of an aspirator, so that the second mouse 
breathed the air from the first, the third from that of the second, ete. The result 
was, just as in the experiment of Brown-Séquard and d’Arsonval, that the mouse 
in the third vessel died first, after 16-20 hours, while that in the fourth vessel 
remained alive. . 

The conclusion is drawn that, as the fourth mouse remained alive, the death 
of the third cannot have been due to excess of carbonic acid, or deficiency of 
oxygen in the air, but must have been caused by the presence of some volatile 
substance which is absorbed or destroyed by sulphuric acid. 

The symptoms presented by the mice before death were at first restlessness 
and gradually increasing acceleration of respiration, afterward slowing of respira- 
tion, and finally spasmodic deep respirations, becoming constantly less frequent 
until the advent of death. The proportion of carbonic acid in the air led through 
the glass vessels was not poisonous; it amounted in the highest case to 1.5 per 
cent. 

Merkel also conducted the expired breath through HCl with the idea of com- 
bining the organic matter with it, and believed he was successful, but the quantities 
of the “salts” produced were so small that determination of their chemical nature 
was impossible. His experiments upon animals with this body, obtained from its 
combination by neutralization of the acid, gave negative results. 

He concludes that the expired breath of healthy persons contains a volatile 
poison in extremely small quantities ; being probably a base which is poisonous in 
its gaseous state, but loses its toxicity after combination with acids. His belief 
in the toxicity of the organic matter contained in the expired breath of human 
beings is based solely upon the results he obtained in the “ Brown-Séquard and 
d’Arsonval” experiment. 
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Haldane and Smith, in 1893, (80), repeated the “ Brown-Séquard ” experiment, 
using five bottles, each of a capacity of 1 to 14 litres, connected by means of tubes. 
A mouse was placed in each bottle and ventilation established through the whole 
system by means of a filter-pump; a small meter being placed between the last 
bottle and the pump. Specimens of air leaving the last bottle were drawn off at 
intervals for analysis. Full-grown mice were used. The mice in the last two 
bottles were exposed to the full effect of the vitiated air for 53 hours without 
detriment. 

In a second experiment an absorption tube containing pumice-stone saturated 
with sulphuric acid was placed between the last two bottles. This experiment 
was continued for thirty hours ; no serious effects were observed. The amount of 
ventilation furnished was from 12 to 24 litres per hour, The mice remained 
normal after having been in the bottle three days and the percentage of carbonic 
acid in the last bottle had varied from 2.4 to 5.2, averaging about 3. 

They state that these experiments, like their former ones on rabbits and man, 
are distinctly against the theory that a volatile poison, other than carbonic acid, 
exists in the expired air. 

Beu, in 1893, (81), reported the results of experiments, made under the diree- 
tion of Uffelmann, in which the condensed moisture of expired air was collected 
by the methods usually employed, taking the precaution to cleanse his apparatus 
with solution of KMnO, and distilled water, and likewise sterilizing the apparatus 
before it was brought into use. The saliva is collected in a Woulff bottle attached 
before the condenser. The amount of air expired, measured by a gas meter, was 
found to be 3000 litres in eight hours, from which he collected 100 ¢. ¢. of fluid. 
A distinet ammonia reaction was obtained upon the addition of Nessler’s reagent. 
Nitrate of silver failed to show the presence of chlorine. 

Its reducing power upon solution of permanganate of potash showed 50 mg. 
of oxygen necessary to oxidize one litre of fluid, or 15 mg. in 24 hours, which 
denotes 0.0017 mg. per litre of expired air. The alkaloid reaction with AuCe,, 
KI, phosphomolybdate of potash, gave negative results. 

He expired 500 litres through 150 ¢. ¢. of a 1 per cent. solution of HCl—then 
evaporating to dryness on the water-bath, a yellowish-brown deposit remained. 
This deposit, dissolved in distilled water, formed a fatty layer on the surface of the 
slightly yellow fluid. The whole quantity, 1.5 g, was warmed to the body tem- 
perature and injected under the skin of the back of a white mouse without pro- 
ducing observable symptoms. This fluid had a distinct odor not comparable to 
anything, 

He next confined a mouse in a sealed glass vessel, having a globe attached 
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with potash solution to absorb the carbonic acid ; 3200 expirations of air were 
conducted into the glass vessel during the three hours—no effect noticeable. Ina 
second experiment the carbonic acid was not absorbed, the experiment lasting four 
hours—no effect. 

He repeated the “ Brown-Séquard ” experiment, using white mice in four glass 
cages. The death of the animals, he believes, was due to changes in the tempera- 
ture and the accumulation of moisture in the jars. He believes the protection 
afforded by H,S0, in Brown-Séquard and d’Arsonval’s experiments was due to its 
abstraction of the moisture from the air. An acute poisoning through the organic 
matters contained in the expired air he believes to be impossible, or at least as 
not shown by anything in his experiments. 

Rauer, in 1893, (32), used white mice confined in glass vessels of about 14 
litres capacity, the bottom of which was covered with oats. The cork was per- 
forated by three tubes: one of these passed down near the bottom of the vessel 
and served for the entrance of the air; the second terminated just below the cork 
and served for the exit of air; and the third extended down to about the height 
of the animal but was usually closed, this was only used for the removal of air for 
its chemical examination. In the beginning, thermometers and hygrometers were 
used in the vessels, but they were found to be unimportant and were abandoned. 
The whole apparatus was connected with a large aspirator. 

In an experiment with five animals and a ventilation of four litres per hour, 
the carbonic acid was found to amount to 9.3 per cent. after five hours. In another 
experiment with six animals and with a ventilation of 24 litres per hour, he inserted 
four absorption tubes with soda-lime between the last two jars, and a Geissler tube 
containing concentrated H,S0, between the fourth and fifth. The sixth animal 
remained alive while the fifth died earlier than the fifth animal in the first experi- 
ment. He concludes that there is no organic poison in expired air, death being 
due to the excess of carbonic acid in the atmospheres of the jars. 

Sanfelice, in 1893, (33), reported that he had repeated the “ Hammond ” 
experiment, using a flask of about 5 litres capacity, the animal dying in six or 
seven hots. He is undecided as to the existence of a volatile expiratory poison, 
though he thinks that other factors, for instance, heat radiation, have an important 
influence upon the results. 

Liibbert and Peters, in 1894, (34), reported that they had repeated the “Brown- 
Séquard” experiment, placing a guinea-pig in each of a series of four flasks. 
Between the third and fourth flasks they placed a combustion tube through which 
the air coming from the third flask was conducted, passing over red-hot cupric 
oxide, to remove the organic matter. Before reaching the fourth flask, the air was 
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again cooled by conducting it through a cylinder surrounded with ice. In this 
manner all moisture contained in the air was condensed. From this cylinder the 
air passed through a series of twelve U-tubes, each made from a piece of tubing 
80 em. in length and of 2 millimeters internal diameter. During its passage 
through these U-tubes the air assumed a temperature of about 18° C. as it entered 
the fourth flask. The results obtained by this arrangement substantiated the con- 
clusions they had formed from conducting the experiment in the ordinary manner, 
that the cause of death was traceable to the high per cent. of carbonic acid. The 
removal of the organic matter by combustion failed to save the life of the animal 
in the last jar when the carbonic acid had increased to 11 or 12 per cent. After 
the absorption of the carbonic acid by means of soda-lime the last animal remained 
alive. They conclude, therefore, that the poisonous expiratory poison of Brown- 
Séquard and d’Arsonval does not exist, but that death is produced by the excess 
of carbonic acid in the flasks. 

Brown-Séquard and d’Arsonval, in 1894, (85), reported further experiments, and 
at the same time gave fuller details as to all their experiments and the apparatus em- 
ployed. They had inoculated over one hundred animals with the condensed fluid of 
respiration and believed in the truth of their former statements as firmly as ever. 
They could not understand the failures on the part of the other experimenters. 
They emphatically reaffirm that the expired breath of man and animals contains a 
volatile organic poison producing the results reported by them, and that these 
results are not produced by excess of carbonic acid or deficiency of oxygen in 
the air. 

From the foregoing summary of the reports of different experimenters, it will be 
seen that widely different results have been reported by them, but that the majority 
of the later investigators agree in denying that the exhaled breath of healthy 
human beings or of animals contains a poisonous organic alkaloid, or any poisonous 
product other than carbonic acid, yet in any case positive results require an expla- 
nation which shall account for the facts. 


DR. BERGEY’S EXPERIMENTS. 


The first experiments made by Dr. Bergey were to ascertain whether the con- 
densed moisture of air expired by men in ordinary, quiet respiration, contains any 
particulate organic matters, such as micro-organisms, epithelial scales, ete. The 
test for micro-organisms was made by having an adult man expire for from twenty 
to thirty minutes through sterilized melted gelatin, which was then preserved as a 
culture for from twenty to thirty days. In the first trial, six, and in the second 
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two colonies of common air organisms developed ; but when special care was taken 
to thoroughly sterilize the vessels used, the result was that in two consecutive trials 
the gelatin remained sterile. Epithelial scales and other particulate matters were 
sought for by condensing the vapor of the exhaled breath and examining the pro- 
duct with the microscope, with and without the use of stains. In six preparations 
thus examined no bacteria or epithelial cells were found. ‘This result was to be 
expected, since neither bacteria nor wetted particles pass into the air from the sur- 
face of fluids, or from moist surfaces, unless the air currents are sufficiently power- 
ful to take up particles of the liquid itself in the form of spray. 

Abbott (36), in his paper on “ Sewer-Gas,” reports some experiments made to 
determine the possibility of conveying micro-organisms from liquid culture media 
by means of a current of air bubbling through such media; also by means of 
ordinary baker’s yeast inoculated into media containing from 4 to 5 per cent. of 
glucose. No bacteria were carried from the culture by the exploding air-bubbles 
produced by the yeast, but a current of air equal to 34 litres in six hours, bubbling 
through a liquid culture, carried with it some of the organisms in the culture. 

The determinations of ammonia in the condensed fluid of expired air, the esti- 
mation of its reducing power upon solution of permanganate of potash, and its 
reaction with various reagents (see Appendix, Section II.), were made with fluids 
collected from a healthy man, from a man with a tracheal fistula following excision 
of the larynx, the expired air not coming in contact with the mouth or the pharynx, 
and from a man suffering from well marked tuberculosis of the lungs. In each 
ease the amount of ammonia and of albuminoid ammonia in the fluid was very 
small, as shown by Table B in the appendix, the average being, in grams per litre 
of fluid : 
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The oxidizable matter in these fluids, as shown by their reducing power on a 
solution of permanganate of potash, was determined, and the details are given in 
Table C in the appendix. The average results, stated in milligrammes of oxygen 
consumed per litre of condensed fluid, are as follows: Healthy man, 10.72; man 
with tracheal fistula, 13.49; consumptive, 19.34. The high average for the man 
with the tracheal fistula is due to a single observation, for which the figure was 
24.916. Omitting this, the average for the three other observations would be 9.68, 
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The average for five specimens of fluid condensed from the expired air of a 
healthy man four hours after he had taken a meal was 11.98, while the average for 
six specimens from the breath of the same man half an hour after the meal was 
only 3.86. For two specimens from the same man collected three and a half and 
four hours after a meal, but just after the mouth had been thoroughly rinsed with 
warm water, the average was 2.49. These results indicate that the ammonia and 
oxidizable organic matter in the condensed fluid were, to a large extent, due to 
products of decomposition of organic matters in the mouth. The well known fact 
that the amount of oxygen absorbed and of carbonic acid given off varies accord- 
ing to whether the person is fasting or has recently taken a meal, may possibly 
be in part due to the same cause, but the results obtained by Birkholz (87) indi- 
cate that it can only be in part. Rausome (11) reports no marked difference in 
the amount of ammonia, or of oxidizable organic matter, as determined by the per- 
manganate test, contained in the fluids collected from the exhaled breath soon after 
a meal and in that collected from a fasting person, Beu (81) found a much higher 
proportion of oxidizable matter in the fluid condensed from his own breath (50 
mg. of oxygen required per litre of fluid) than was found in Dr, Bergey’s experi- 
ments. His results indicated the exhalation of 15 mg. of organic matter in 24 
hours, the corresponding figure from Ransome’s results being 20 mg. About 12 
ec. c. of fluid was collected from about 335 litres of air expired per hour, being 
nearly equal to the results obtained by Beu (31), who condensed 100 ¢. ¢. of the 
fluid from three cubic metres of air expired in eight hours. 

Renk (38, p. 162) gives a table showing that in an average quantity of 9000 
litres of air expired in a day by a healthy man, the amount of moisture may be 
from 200 to 400 grammes, depending on the temperature and relative moisture of 
the inspired air. With air containing 50 per cent. of moisture inspired at 25° C,, 
the amount of moisture is 293 grammes, or about the result given by Beu, referred 
to above. 

Lehmann and Jessen (25) found that between 3 and 4 mg. of oxygen were 
required to one litre of fluid to effect oxidation, and note that more ammonia was 
present in the fluid collected from a person with decayed teeth than in that ob- 
tained from a person whose teeth were sound. The very considerable differences 
in the amounts of ammonia and of oxidizable matter found in the fluids condensed 
from expired air by different experimenters, and by the same experimenter in 
fluids obtained from the same person at different times, are probably due to sev- 
eral different causes and their combinations. The amount of fluid condensed per 
litre of expired air varies from .003 to .004 ¢.¢. The soundness and cleanliness 


of the mouth and teeth influence the amount of ammonia and oxidizable matter 
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expired, Variations in the amount of organic matter contained in the inhaled air 
may possibly influence the result, but this influence must be slight. Ransome’s 
results indicate that the age, health, and vigor of the person may affect the amount 
of organic matter exhaled, and Dr. Bergey’s experiments with the fluid obtained 
from the consumptive patient show that a smaller proportion of ammonia and a 
larger amount of oxidizable matter were present in it than in the fluid collected 
from a healthy man. It should be remembered, also, that it is extremely difficult 
to obtain accurate results in quantitative determinations of such very minute 
amounts of ammonia and oxidizable matters as are found in expired air, and a part 
of the differences in results obtained is no doubt due to unnoted differences in 
the details of the experiments. 

The results of tests for the presence of an organic alkaloid in the condensed 
fluids obtained by Dr. Bergey were negative, corresponding to those reported by 
Lehmann and Jessen (25) and by Beu (31), 

The results of attempts to condense the moisture of the air in the hospital ward 
(Appendix, IIL, 3) were not satisfactory, and the determinations of ammonia in the 
fluid obtained are not comparable, except that they show that the placing of a dust 
filter in front of the condensing apparatus causes a marked reduction in the propor- 
tion of ammonia in the condensed fluid. The evaporation equalled the condensa- 
tion except on days when the external air was saturated with moisture, hence no 
moisture was collected on clear days, but on such days some dust particles may 
have accumulated in the apparatus which had no filter. 

Some experiments were made to determine the amount of oxidizable matters 
in atmospheric air, the results of which are given in Table F, in the appendix. 
These results differ greatly, some showing a mere trace of organic matter, others 
showing an amount which consumed .204, .340, and .558 grammes of oxygen per 
1000 cbm. of air. The great differences in the amount of ammonia in air found by 
different observers as tabulated by Renk (38, p. 40), and as reported by Remsen 
(39), Miss Talbot (40), Nekam (41), Archarow (42), and Abbott (86), while 
evidently in part due to differences in methods of experiment, must be more largely 
due to differences in the amount of organic dusts in the air in different places or in 
the same place at different times, than to differences in the amount of ammoniacal 
gases or organic vapors in the air, and the same is true with regard to the differ- 
ences in the amount of oxidizable organic matter in the air reported by Angus 
Smith (12), Carnelly and Mackey (43), and others. 

Several series of experiments were made to determine the nature of the gaseous 
mixtures in which smallanimals die with symptoms of asphyxia. The first of these 
series were repetitions of the experiments reported by Hammond and described 
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above. Mice and sparrows were used. The details are given in the Appendix 
IV., 1, and the results in Table G. It was found impossible, by Hammond’s 
method, to absorb all the carbonic acid produced by an animal, and it will 
be seen by Table G, that at the time of death of the sparrows, the carbonic acid had 
increased until it formed from 12.27 to 14.08, or an average for eight experiments 
of 13.24 per cent. of the air, while the oxygen had diminished to from 3.25 to 5.61, 
or an average of 4.67 per cent. of the air. The symptoms observed were those pro- 
duced by insufficiency of oxygen, and there was no evidence that death was due to 
organic matters in the air. The duration of life in the animals confined was from 
three to six hours, being much longer than that reported by Hammond using a 
slightly smaller vessel, viz. less than one hour, and corresponds to the results re- 
ported by Sanfelice (33), who found that the animals lived from six to seven hours. 
When the experiment was so modified that all the carbonic acid was removed from 
the air breathed by the animal—as described in the appendix, the animal did not 
die in seven hours, although the percentage of oxygen had been reduced to 18.35, 
as shown by Table H in the appendix. These experiments, therefore, furnish no 
evidence of the existence of an organic poison in the expired air, but the method of 
absorbing carbonie acid by an alkali is said by Brown-Séquard and d’Arsonval 
(22) to change the organic poison which they claim to be present, and hence these 
experiments are not conclusive on this point. 

A series of experiments was also made upon mice and sparrows to determine 
the time required to produce death by asphyxia when the animal is confined in a 
jar of known capacity, when no provision is made for removing carbonic acid and 
moisture, or for supplying fresh air, and also to determine the proportions of carbonic 
acid and of oxygen existing in the enclosed air at the time of death, In connec- 
tion with these experiments it was also sought to determine the influence which 
high or low temperatures of the air would have on the result. The data 
derived from these experiments are shown in Table I in the Appendix. 

A mouse weighing 21 grams, placed in a jar of 1000 ¢. ¢. capacity at a tem- 
perature of 30° C., lived four hours; in a jar of 2000 c. c. capacity a similar mouse 
lived seven and a half hours; in one case when the room temperature was 25.5° C., 
in another case when the room temperature was 5°C. In the first case death 
occurred when the amount of carbonic acid was 12, and that of the oxygen 8.6 per 
cent. of the mixture; in the second case, the proportions were 13.2 per cent. of car- 
bonie acid and 6.4 per cent of oxygen; and in the third case, 10 per cent. of car- 
bonic acid and 9.2 percent.of oxygen. There are considerable differences in suscep- 
tibility to the effects of an impure atmosphere in individual mice, but when a mouse 
is placed in a closed jar containing ordinary atmospheric air, the time required to 
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produce death is usually that required to produce the proportions of carbonic acid 
and of oxygen indicated above, and, hence, is in proportion to the size of the jar. 
A mouse should live about twice as long in a jar of 2000 ¢.¢. as in one of 1000 ¢. ¢., 
other conditions as to temperature, ete., being the same, and commencing with 
ordinary atmospheric air. 

The duration of life in the experiments with atmospheric air in closed vessels, 
making due allowance for variations in the air volume, coincides quite closely with 
the duration of life in the “Hammond ” experiment. The air analyses at death of 
the animals in the two forms of experiment, also gave very similar results. In 
comparing the results shown in Tables G and I, it is necessary to bear in mind the 
differences in the size of the jars and in the weight of the animals used in the sev- 
eral experiments. As a general rule, the animal dies when the carbonic acid has 
increased to between 12 and 13 per cent. and the oxygen has diminished to be- 
tween 5 and 6 per cent. Is death due to the increase in the carbonic acid, or to 
the diminution in the oxygen, or to both ? 

Some data for answering this question are presented in Table L, which shows 
the results obtained by placing animals in gaseous mixtures containing various pro- 
portions of carbonic acid, oxygen, and nitrogen. The animals experimented on 
were mice, rats, rabbits, guinea-pigs, and sparrows. From this table it will be seen 
that the diminution in oxygen in the inspired air was the most important factor in 
producing death, and that so long as the oxygen is present in the proportion of 6 
per cent. and upwards, carbonic acid may be present to the amount of 20 per cent. 
without causing death. When the carbonic acid forms much more than 20 per 
cent. of the mixture, say 30 to 40 per cent., the oxygen must form at least 12 per 
cent. to preserve life. 

If the proportion of oxygen in the mixture be reduced, the duration of life is 
shortened, as will be seen from the following extract from Table L: 


I 





No Weight At beginning of At end of Duration of Capacity of 
* | grams. experiment. experiment, life. jar. 
co. | oO | co. O. N. 
% & | % % & & 
8 18 ° EE235 | 88.65 | 6.56 4.14 89.3 34 hours. 2280 C. Cc. 
9 15 o | 11.35 | 88.65 | 7.43 3.58 89.0 at, @S 2280 “ 
10 17 ° | 11.35 88.65 | 7.52 3-16 89.2 > ete 2280 “ 





In these experiments the proportion of oxygen was reduced to about one-half of 
that in the normal atmosphere, and the duration of life was also reduced about one- 
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half. The jars were a little larger than those used in the experiments reported in 
Table I. The proportion of oxygen present at the death of the animal was between 
3 and 4 per cent., or lower than in the cases reported in Table I, while the car- 
bonic acid had increased to only about 7 per cent. instead of 12 per cent., as in 
Table I. The smaller proportion of carbonic acid here present seems to have 
allowed a greater reduction in the proportion of the oxygen. ‘These results cor- 
respond with those obtained with mixtures of gases by Paul Bert (7, page 518), 
who concluded that carbonic acid when inhaled is really a poison, and with the 
results of the elaborate researches of Friedlinder and Herter (44), which lead to 
the same conclusion. 

In this connection the observations of Richardson (8) are of interest. His 
experiments were made chiefly with mice placed in jars having a capacity of 685. ¢. 
In such a jar containing ordinary atmospheric air at 12.8° C., a mouse weighing 
18.8 grams became comatose in 14 hours, which is, he says, the average duration of 
life under such conditions. At a temperature of 6.6° C., the animal dies in forty 
minutes. In an atmosphere of pure oxygen, at 6.6° C., the animal will live only 
two-thirds as long as in atmospheric air, while at a temperature of 21° C. it will 
remain conscious for three hours and lives twelve hours, and at 10° C. it remains 
conscious for two hours and lives three or four hours. With atmospheric air, 
the modifications, he says, are less distinctly marked. 

The results of similar experiments made with air, and with different mixtures 
of gases, at different temperatures, are given in Table J in the Appendix. These 
results show that the duration of life, in confined places, is influenced to a very 
marked degree by temperature, and that this influence is independent of the rich- 
ness of the air in oxygen. Experiments Nos. 3 and 17 noted in Table J indicate 
that an atmosphere consisting of 90 per cent. of oxygen and 10 per cent. of nitrogen 
does not support life quite as long as does ordinary atmospheric air when the tem- 
perature is 0° C., while at a temperature of 50°C. the atmosphere rich in oxygen 
supports life much longer than the ordinary atmosphere, as is shown by experiments 
Nos. 5 and 15 in the table. The gradual rise in temperature which must have 
taken place in the experiments previously referred to, was probably but a small 
factor in the results obtained, because, as shown in the tables for those experiments, 
the duration of life and the proportion of oxygen present at death bear a constant 
relation to each other. This they fail to do in the “ Richardson ” experiments. 

The toleration which is acquired by an animal by prolonged sojourn in an 
atmosphere which is gradually becoming richer in carbonic acid and poorer in 
oxygen, makes it impossible to compare the results as to duration of life in such 


experiments with the results of experiments in which the animal is placed at once 
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in an atmosphere containing abnormal proportions of these gases, so far as the 
effects of increase of carbonic acid and diminution of oxygen are concerned, but it 
is evident from the results reported in Tables I and J, that death does not occur in 
atmospheres in which the carbonic acid does not exceed 10 per cent. unless the 
oxygen is reduced to below 7 per cent. of the mixture. 

A series of experiments was made by injecting into animals the fluid con- 
densed from the air expired by healthy persons and by a man with a tracheal 
fistula, from whom it was possible to obtain such fluid without contamination from 
the exhalations from the mouth. The details of these experiments, and of the 
results obtained, are given in the Appendix, VI. The injections were made into 
the general circulation in rabbits, and into the peritoneal cavities of rabbits, guinea- 
pigs, and white rats, following the methods employed by Brown-Séquard and 
d@’Arsonval (15) and by v. Hofmann-Wellenhof (23). The number of animals 
inoculated with the condensed fluid of respiration was thirteen, in four sets. The 
fluid was collected with the greatest care in a sterilized apparatus; subsequent cul- 
tures made from it indicating that it was sterile. It was warmed to about 35° C., 
before injection. The proportion injected, as compared with the body weight of 
the animals, was, in some instances, less than that used by Brown-Séquard and 
d’Arsonval, in others greater than the smallest quantities used by them with fatal 
effects. The results obtained, with the amount of fluid injected in each case, are 
shown in Table K, given in the Appendix. 

In most of the animals no observable disturbance of health was produced, nor 
did this condition alter in the course of several months during which they were 
kept under observation. One rabbit died thirty-two days after having received an 
injection into its peritoneal cavity of 5 c.c. of fluid condensed from the breath of a 
man with tracheal fistula. The results of post-mortem examination showed focal 
necrosis in the liver, but no ecchymoses and hemorrhages in the lungs and intes- 
tines, such as are reported as a characteristic result of such injections by Brown- 
Séquard and d’Arsonval. Three other rabbits which had received injections of 
the condensed fluid, and had remained apparently perfectly well from six weeks to 
seven months, were killed and careful post-mortem examinations made. The results 
of these examinations showed that there was no special disease or degeneration in 
the organs of these animals. 

The results of this series of experiments are, therefore, in accord with those 
reported by v. Hofmann-Wellenhof (23), and indicate that fluid condensed from 
the pulmonary exhalations of man has no toxie or specially injurious effect when 
injected into animals, and that there is no evidence that such fluid contains an 
organic poison. 
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The attempt to collect condensed moisture from the air of the hospital ward 
was but partially successful, as has been stated above, and a sufficient amount of 
the fluid to make injection experiments was not directly obtained. ‘To overcome 
this difficulty the air df the ward was drawn over sterilized glycerine which was 
then diluted with distilled water, and the product injected into animals. The re- 
sults are shown in Table E in the Appendix. Three of the animals thus injected 
died between four and six weeks later, but the post-mortem examinations failed to 
show any clear connection between the injection and the fatal result. As it was 
shown that the fluid collected and the dust in the ward contained several 
species of bacteria, including pathogenic forms, it was to be expected that more 
definite results would have been obtained, but the power of the cells and tissues to 
resist the pathogenic organisms was sufficient to prevent their action in each case, 
except, perhaps, in one, in which the abscess produced may have been due to pyo- 
genic bacteria in the injected fluid. 

A number of experiments were made in which animals, in a series of bell jars, 
were caused to breathe air which became more contaminated with the products of 
respiration as it passed through the series, being a repetition of the experiments of 
Brown-Séquard and d’Arsonval. The form of the apparatus used, and the details 
as to the results obtained in each of the thirty-three experiments of this kind, are 
given in the Appendix, VII. These experiments were performed on sparrows, 
mice, guinea-pigs, and rabbits. 

It was very difficult to keep the apparatus absolutely air-tight, and, no doubt, 
some of the discrepancies in the results, at least for the earlier experiments, are due 
to slight leakage of air through some one or more of the numerous joints. The more 
concordant results in the later experiments indicate that these defects had been 
obviated. 

In the great majority of cases death was evidently due to the diminution in 
the oxygen and inerease in the carbonic acid—the proportions of these gases 
present in the jar when an animal died being about the same as in the experiments 
reported in Table I, 7. ¢., the oxygen was reduced to between 4 and 6 per cent. and 
the carbonic acid increased to from 12 to 14 per cent. The mode of death of the 
animals was similar to that observed in slow asphyxia, and the results of careful 
post-mortem examination and microscopic investigation do not indicate the effects of 
any organic poison, 

‘The insertion of absorption tubes containing caustic alkalies between the bell 
jars, to absorb the carbonic acid, as in experiments Nos. 6 to 14, and of concentrated 
sulphuric acid, as in experiments Nos. 15, 18, and 19, did not give results corre- 
sponding to those reported by Brown-Séquard and d’Arsonval. 
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In these experiments the animals were in an atmosphere of less pressure than 
the external air, the diminution amounting usually to about 2 mm, of mercury, but 
there is no reason to suppose that this exerted any influence upon the results obtained. 

Experiments Nos. 17, 18, and 19 show that the mice beeame habituated, to a 
certain extent at least, to the conditions under which they were placed, and could 
live in an atmosphere which was almost immediately fatal to a fresh mouse placed 
in it. This had already been demonstrated by Bernard (5). In the case of several 
mice, this power to resist the foul atmosphere was preserved for from three to eight 
days after they had been removed from the jar, so that they had a certain degree 
of permanent immunity (See experiment 18,C.). Experiments Nos. 20 to 28 were 
made to see if it was possible to develop such an immunity, and the results obtained 
indicate such a possibility, but further investigation will be necessary to settle this 
important point. At present it is uncertain to what extent the immunity observed 
in a few mice was possessed by them before they were experimented on, or was 
produced by their first exposures to the vitiated atmospheres. 

From the data accumulated with reference to the composition of the atmos- 
phere in these bell jars by repeated analyses at short intervals, compared with the 
results reported by Brown-Séquard and d’Arsonval, it seems probable that the cases 
in which the last animal in the series survived some of the others, and a low per- 
centage of carbonic acid was found in the jar, should be attributed entirely to de- 
fects either in methods of air analyses or in the apparatus, orin both. If, however, 
the life of the last animal was apparently saved by H,SO, in Dr. Bergey’s exper'- 
ments, it was due to leakage in the connections from the increased resistance caused 
by the interposition of the absorption tube. This is an important fact, which is 
in direct opposition to the theory of Brown-Séquard and d’Arsonyal with regard to 
the influence of the H, SO, in the absorption tubes. The great differences in 
individual susceptibility of different animals must also be taken into account in 
considering the results of these experiments; for example, in experiment No. 11, 
sparrow No. 4 died when the percentage of oxygen was 9,34, and that of carbonic 
acid was only 2.79, while No. 5 lived until the percentage of oxygen was reduced 
to 3.53. In some mice there seems to be a very considerable immunity against the 
asphyxiating effeet of an atmosphere poor in oxygen and rich in carbonic acid. 

The duration of life of individual animals in experiments of this kind depends 
upon the size of the bell jars in relation to the size of the animal, on the amount of 
fresh air supplied, on conditions of temperature and moisture, and on individual 
peculiarities of the animal—and it seems probable that variations in these factors 
will account for the different results obtained by different experimenters. The 
symptoms in the animals which died were those of death by slow asphyxia. 
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In experiment No. 33, with a series of six rabbits confined for forty-two days, 
the proportion of carbonic acid in the last two jars, for the greater part of the 
time, was between 4 and 7 per cent. and that of oxygen between 12 and 16 per cent. 
None of the animals died or were seriously ill. Those in the first three and in the 
fifth jar gained in weight, those in the fourth and sixth lost slightly in weight. 

The results of blood-corpuscle counts made for five of these animals at the close 
of the experiment, and again thirty-eight days afterward, show an average increase 
during this period of 158,600 red, and 5,400 white corpuscles per cubic millimetre, 
an amount which has little significance. Microcytes were found in the blood of the 
animals immediately after the experiment, but none were found thirty-eight days later. 

The organs of a number of the animals that died in these experiments were pre- 
served in alcohol and examined microscopically. The changes noted post mortem 
were those of profound venous congestion of all the internal organs. The lungs 
were frequently so charged with venous blood that the portions preserved for 
microscopic examination failed to float in water. The right side of the heart was 
usually dilated with a large firm venous clot, the left ventricle was in most instances 
contracted. The liver, on incision, bled freely, as did also the kidneys and spleen, 
the blood being quite dark and venous. All the capillaries were unusually promi- 
nent, being filled with venous blood; this was particularly noticeable in the small 
intestine, and in the membranes of the brain. 


Microscopie examination of the organs presented a picture coinciding with the 


gross post-mortem appearances. In the lungs the capillaries were found to be dis- 
tended with blood, occluding in many cases the lumen of the alveoli and air cells, 
and presenting a typical picture of passive hyperemia. In the liver, kidneys, and 
spleen, as well as in the intestines, the capillaries were likewise overloaded with 
blood. Pathological changes were but rarely noted, and some of these, such as 
slight proliferation of connective-tissue elements between the tubules of the kidney, 
and, in rarer instances, in the inter-lobular spaces of the liver, are such as are occa- 
sionally found in animals which have not been subjected to such conditions, and 
may, therefore, have existed in the animals at the beginning of the experiment. All 
the changes which were constantly present may properly be attributed to the action 
of the carbonic acid and the low percentage of oxygen in the atmosphere, interfering 
with the circulation and aération of the blood, The lesions reported by Brown- 
Séquard and d’Arsonval as characteristic in such cases were not seen. No focal 
necroses or peculiar uniform degenerative changes were found. ‘The results of these 
experiments, therefore, do not agree with those reported by Brown-Séquard and 
@’Arsonval—and furnish no evidence of the existence of an organic poison in the 


air expired by animals. 
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CONCLUSIONS. 


I. The results obtained in this research indicate that in air expired by 
healthy mice, sparrows, rabbits, guinea-pigs, or men, there is no peculiar organic 
matter which is poisonous to the animals mentioned (excluding man), or which 
tends to produce in these animals any special form of disease. The injurious 
effects of such air observed appeared to be due entirely to the diminution of 
oxygen, or the increase of carbonic acid, or to a combination of these two factors. 
They also make it very improbable that the minute quantity of organic matter 
contained in the air expired from human lungs has any deleterious influence upon 
men who inhale it in ordinary rooms, and, hence, it is probably unnecessary to 
take this factor into account in providing for the ventilation of such rooms. 

Il. In ordinary quiet respiration, no bacteria, epithelial scales, or particles of 
dead tissue are contained in the expired air. In the act of coughing or sneezing, 
such organisms or particles may probably be thrown out. 

III. The minute quantity of ammonia, or of combined nitrogen, or other 
oxidizable matters, found in the condensed moisture of human breath appears to 
be largely due to products of the decomposition of organic matter which is 
constantly going on in the mouth and pharynx. This is shown by the effects of 
cleansing the mouth and teeth upon the amount of such matters in the condensed 
moisture of the breath, and also by the differences in this respect between the air © 
exhaled through a tracheal fistula and that expired in the usual way. 

IV. The air in an inhabited room, such as the hospital ward in which 
experiments were made, is contaminated from many: sources besides the expired 
air of the occupants, and the most important of these contaminations are in the 
form of minute particles or dusts. The experiments on the air of the hospital 
ward, and with the moisture condensed therefrom, show that the greater part of 
the ammonia in the air was probably connected with dust particles which could 
be removed by a filter. They also showed that in this dust there were micro- 
organisms, including some of the bacteria which produce inflammation and 
suppuration, and it is probable that these were the only really dangerous elements 
in this air. 

V. The experiments in which animals were compelled to breathe air vitiated 
by the products of either their own respiration or by those of other animals; or 
were injected with fluid condensed from expired air, gave results contrary to those. 
reported by Hammond, by Brown-Séquard and d’Arsonval, and by Merkel, but 
corresponding to those reported by Dastre and Loye, Russo-Giliberti and Alessi, 
Hofmann-Wellenhof, Rauer, and other experimenters referred to in the preliminary 
historical sketch of this report, and make it improbable that there is 
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any peculiar volatile poisonous matter in the air expired by healthy men and 
animals, other than carbonic acid. It must be borne in mind, however, that the 
results of such experiments upon animals as are referred to in this report may be 
applicable only in part to human beings. It does not necessarily follow that a 
man would not be injured by continually living in an atmosphere containing 2 
parts per 1000 of carbonic acid and other products of respiration, of cutaneous 
excretion, and of putrefactive decomposition of organic matters, because it is found 
that a mouse, a guinea-pig, or a rabbit, seems to suffer no ill effects from living 
under such conditions for several days, weeks, or months, but it does follow that 
the evidence which has heretofore been supposed to demonstrate the evil effects of 
bad ventilation upon human health should be carefully scrutinized. 

VI. The effects of reduction of oxygen and increase of carbonic acid to a 
certain degree appear to be the same in artificial mixtures of these gases as in air in 
which the change of proportion of these gases has been produced by respiration. 

VII. The effect of habit, which may enable an animal to live in an atmos- 
phere in which, by gradual change, the proportion of oxygen has become so low 
and that of the carbonic acid so high that a similar animal brought from fresh air 
into it dies almost immediately, has been observed before, but we are not aware 
that a continuance of this immunity produced by it had been previously noted. 
The experiments reported in the Appendix, VIL, 17 to 28, show that such an 
immunity may either exist normally or be produced in certain mice, but that these 
eases are very exceptional, and it is very desirable that a special research should 
be made to determine, if possible, the conditions upon which such a continuance of 
immunity depends. 

VII. An excessively high or low temperature has a decided effect upon the 
production of asphyxia by diminution of oxygen and increase of carbonie acid. 
At high temperatures the respiratory centres are affected, where evaporation from 
the skin and mucous surfaces is checked by the air being saturated with moisture ; 
at low temperatures the consumption of oxygen increases, and the demand for it 
becomes more urgent. 

So far as the acute effects of excessively foul air at high temperatures are 
concerned, such, for example, as appeared in the Black Hole at Calcutta, it is 
probable that they are due to substantially the same causes in man as in animals. 

IX. The proportion of increase of carbonic acid and of diminution of oxygen, 
which has been found to exist in badly ventilated churches, schools, theatres, or 
barracks, is not sufficiently great to satisfactorily account for the great discomfort 
which such conditions produce in many persons, and there is no evidence to show 
that such an amount of change in the normal proportion of these gases has any 
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influence upon the increase of disease and death-rates which statistical evidence has 
shown to exist among persons living in crowded and unventilated rooms. The 
Report of the Commissioners appointed to inquire into the regulations affecting the 
sanitary conditions of the British Army (1), properly lays great stress on the fact 
that in civilians at soldiers’ ages, in twenty-four large towns, the death-rate per 
1000 was 11.9, while in the foot-guards it was 20.4, and in the infantry of the line 
17.9, and showed that this difference was mainly due to diseases of the lungs 
occurring in soldiers in crowded and unventilated barracks, These observations 
have since been repeatedly confirmed by statistics derived from other armies, from 
prisons, and from the death-rates of persons engaged in different occupations, and, 
in all eases, tubercular disease of the lungs and pneumonia are the diseases which 
are most prevalent among persons living and working in unventilated rooms, 
unless such persons are of the Jewish race. But consumption and pneumonia are 
caused by specific bacteria, which, for the most part, gain access to the air-passages 
by adhering to particles of dust which are inhaled, and it is probable that the 
greater liability to these diseases of persons living in crowded and unventilated 
rooms, is, toa large extent, due to the special liability of such rooms to become 
infected with the germs of these diseases. It is, however, by no means demon- 
strated, as yet, that the only deleterious effect which the air of crowded barracks or 
tenement-house rooms, or of foul courts and narrow streets, exerts upon the persons 
who breathe it, is due to the greater number ‘of pathogenic micro-organisms in such 
localities. It is quite possible that such impure atmospheres may affect the vitality 
and the bactericidal powers of the cells and fluids of the upper air-passages with 
which they come in contact, and may thus predispose to infections, the potential 
causes of which are almost everywhere present, and especially in the upper air- 
passages and in the alimentary canal of even the healthiest persons, but of this we 
have, as yet, no scientific evidence. It is very desirable that researches should be 
made on this point. 

X. The discomfort produced by crowded, ill-ventilated rooms in persons not 
accustomed to them is not due to the excess of carbonic acid, nor to bacteria, nor, 
in most cases, to dusts of any kind. The two great causes of such discomfort, 
though not the only ones, are excessive temperature and unpleasant odors. Such 
rooms as those referred to are generally overheated, the bodies of the occupants, 
and, at night, the usual means of illumination, contributing to this result. 

The cause of the unpleasant, musty odor which is perceptible to most persons 
on passing from the outer air into a crowded, unventilated room is unknown; it 
may, in part, be due to volatile products of decomposition contained in the expired 
air of persons having decayed teeth, foul mouths, or certain disorders of the diges- 
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tive apparatus, and it is due, in part, to volatile fatty acids given off with, or 
produced from, the excretions of the skin, and from clothing soiled with 
such excretions. It may produce nausea and other disagreeable sensations in 


specially susceptible persons, but most men soon become accustomed to it, and 


cease to notice it, as they will do with regard to the odor of a smoking-ear, or of a - 


soap factory, after they have been for some time in the place. The direct and 
indirect effects of odors of various kinds upon the comfort, and perhaps also upon 
the health, of men are more considerable than would be indicated by any tests 
now known for determining the nature and quantity of the matters which give rise 
to them. The remarks of Renk (38, p. 174) upon this point merit consideration. 
Cases of fainting in crowded rooms usually occur in women, and are connected 
with defective respiratory action due to tight lacing or other causes. 

Other causes of discomfort in rooms heated by furnaces or by steam are exces- 
sive dryness of the air, and the presence of small quantities of carbonic oxide, of 
illuminating gas, or of arsenic derived from the coal used for heating. 

XI. The results of this investigation, taken in connection with the results of 
other recent researches summarized in this report, indicate that some of the theories 
upon which modern systems of ventilation are based are either without foundation 
or doubtful, and that the problem of securing comfort and health in inhabited 
rooms requires the consideration of the best methods of preventing or disposing of 
dusts of various kinds, of properly regulating temperature and moisture, and of 
preventing the entrance of poisonous gases like carbonic oxide derived from heat- 
ing and lighting apparatus, rather than upon simply diluting the air to a certain 
standard of proportion of carbonic acid present. 

It would be very unwise to conclude, from the facts given in this report, that 
the standards of air supply for the ventilation of inhabited rooms, which standards 
are now generally accepted by sanitarians as the result of the work of Pettenkofer, 
De Chaumont, and others, are much too large under any circumstances, or that the 
differences in health and vigor between those who spend the greater part of their 
lives in the open air of the country hills, and those who live in the city slums, do 
not depend in any way upon the differences between the atmospheres of the two 


localities except as regards the number and character of micro-organisms. 
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APPENDIX. 





DETAILS OF METHODS EMPLOYED, AND RESULTS OBTAINED, IN EXPERIMENTS UPON’ THE 
EFFECTS OF EXPIRED AIR. 


BY 


= David HENDRICKS BERGEY, B.S., M.D. 


(The numbers in parentheses refer to the bibliographical list appended to the report.) 


I.—Four experiments were made to determine whether the air expired by man contains micro- 
organisms. The results are shown in the following table. 











TABLE A. 
No Dates Culture Amount of Time in Number of Time under Remarks: 
medium. medium. breathing. colonies. | observation. 
1893 Days. 
Ti Wecr2o leiGelatin. || 150:¢c.\ | 30:min: 6 30 Common air organisms, 
~| 1894 
2 Jan. Io “ “ “ce “ “ 2 30 “ “ “ 
Sul eeieb aes 7 se es Sep ° 30 Sterile. 
4 Mch 3 “ce “ “ 20 ry ° 20 “ 





In these experiments the expired breath was conducted through melted gelatin contained in the 
apparatus shown in Fig. 1, for 20 to 3o minutes. Thegelatin was then hardened by rolling the flask 
in a shallow basin containing ice-water, thus distributing the culture in a thin layer over the bottom 
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and sides of the flask. These cultures were kept under observation for 20 to 30 days. About 150 
c. c. of the gelatin was used for each experiment. The glass tube, 4, of the 
apparatus used, which served for the entrance of the expired air, was inserted 
far enough to just impinge on the fluid culture medium in the flask, so that the 
air produced a slight agitation of the fluid in passing through the apparatus. 

Description of the apparatus used for determining the presence of bacteria 
in expired breath, Fig. 1.: 2, represents a half-litre Erlenmeyer flask closed with 
a rubber stopper having two openings. Each of these openings is closed by a 
Fig. 1.—Apparatus glass tube bent at right angles above the stopper. 





for determining the b, represents the longer glass tube which reaches nearly to the bottom of 
pressure of bacteria eer A a 
in expired breath. the flask. This tube has a small bulb-shaped enlargement blown into its upper 


end, which serves to retain any saliva that might flow into the tube. This 
tube serves as the mouthpiece through which the air enters the apparatus. When not in use, the 
mouth-piece is closed with a small cotton plug. The internal diameter of the tube is seven mm. 

c, the shorter tube is bent at right angles and terminates just below the stopper. The external 
end of this tube is closed with a cotton plug to prevent the entrance of micro-organisms from this 
side of the apparatus. The internal diameter of this tube is also seven mm. 

The organisms which developed in these cultures were all of the same character—a small 
yellow bacillus which is quite common in the air of the laboratory. In the experiments in which 
gelatin remained sterile, the precaution had been taken to sterilize the apparatus with dry heat for 
an hour previous to introducing the gelatin, besides the subsequent sterilization of the culture 
medium on three successive days. If, after standing in the working room for several days, it was 
found that the culture medium was sterile, the expired breath was then conducted through the 
apparatus and the culture was kept under observation (for the time specified in the table) at the 
room temperature. The nature of the organisms that developed in the first two experiments, and 
the absence of any growth in the others, makes it probable that they developed from spores that 
survived the fractional sterilization of the culture medium. It is improbable that they were carried 
in the expired breath. : 

Several attempts were made to use bouillon and litmus milk instead of gelatin, as the culture 
medium. Neither of the former media was found to be suitable for the purpose. 

Careful examination of the fluid condensed from the expired air was made with high powers, 
both in hanging drops, and in six dried and stained preparations, but nothing resembling bacteria or 
epithelium was found. A few amorphous particles, a few minute apparently crystalline masses, 
and here and there a fragment resembling vegetable fibre, were all that could be seen. 

II.—A series of experiments was made to determine the amount of ammonia, of albuminoid 
ammonia, and of oxidizable matters contained in the fluids condensed from expired air. 

The apparatus used in collecting the condensed vapor from expired breath is represented in 
Fig. 2, the condenser of which is laid in ice. Each time before this apparatus was brought into 
use, the condenser was boiled out with either a solution of bichromate of potash and sulphuric 
acid, or with alkaline permanganate of potash, then freely rinsed with twice distilled water until 
entirely free from the cleansing solutions used. The apparatus was then quickly connected 
together and placed in a large steam sterilizer for an hour. The condenser was then packed in 
ice and the breath exhaled through the apparatus, using but little greater expiratory force than in 
ordinary respiration. In several of the experiments a gas meter was attached after the apparatus, 
in order to measure the volume of air exhaled. This was found to approximate a third of a cubic 
metre per hour, during which time as much as 12 c. c. of moisture was collected. 

The amount of air expired in ordinary quiet respiration ranges from 400 to 500 litres per hour. 
It is evident that the diminished amount exhaled in the experiment did not represent the full 
respiratory capacity; the reduction observed having its cause, in all probability, in the slightly 
greater effort required to conduct the expired breath through the apparatus. It was noted that the 
number of expirations ranged from twelve to fifteen per minute, the ordinary rate being about 
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eighteen per minute. This was also caused by the slight obstruction to the respiratory current 
prolonging the expiratory movement. Inhalation took place through the nose. 


DESCRIPTION OF FIGURE 2. 


This apparatus was used to condense moisture from the expired breath. It consists of a glass 
mouth-piece, z, having an internal diameter of seven millimetres ; its length being twenty centime- 
tres. The distal end of this tube is bent at an obtuse‘angle and is connected with a glass tube of 
similar size, bent at right angles, and inserted through one of the openings of the rubber stopper 
of the wide-mouthed flask 4. The other opening of this stopper carries a similar glass tube, also 
bent at right angles, attached to the proximal arm of the condenser c. ‘To the distal arm of the 
condenser is attached another glass tube, also bent at right angles, passing through one of the 
openings of the rubber stopper of the wide-mouthed flask ¢. The other opening in this stopper 
carries a glass tube of similar size, also bent at right angles, passing nearly to the bottom of the 
flask. The different parts of the apparatus are connected together by means of short pieces of 
stout, closely fitting rubber tubing. The small wide-mouthed flask 4 serves as a receptacle for 


‘saliva. The tubing in the stopper closing its mouth terminates just below its inner surface. The 


condenser c is U-shaped, with each of its arms bent at right angles about half-way down to the 
lower dilated portion, and has an internal diameter of seven millimetres. The dilated portion of 
the condenser is twelve centimetres in length and four centimetres in its external diameter. The 
small wide-mouthed flask ¢ is nearly filled with small, pea-sized pieces of pumice-stone saturated 
with concentrated sulphuric acid. This serves to arrest the organic matter in any air that might 
accidentally enter from this side of the apparatus. The U-shaped condenser rests in a square 
glass dish d, 20 x 8 x 8 centimetres in its external dimensions, containing cracked ice. 





Fic, 2.—Apparatus to condense moisture from the expired breath. 


In order to adapt the mouth-piece of this apparatus to the fistulous opening in the throat of 
the man that had had his larynx removed, the proximal end of the mouth-piece was attached to a 
porcelain mouth-piece used for speaking-tubes. This was padded with several layers of cheese 
cloth, and the loose end of this tied around his neck to hold it in position, In this manner he was 
able to exhale through the apparatus without any difficulty. 

Some of the condensed fluid was collected from my own breath and that of other healthy 
persons ; other portions were collected from a man having a permanent fistulous opening in his 
throat through which he breathed ; there being no connection whatever with the mouth and upper 
air passages. Some fluid was also collected from the breath of a man suffering from advanced 
tubercular disease of the lungs. 

The amount of free and albuminoid ammonia in this condensed fluid, as estimated according 
to the well-known method of Wanklyn, Chapman, and Smith, is shown in Table B, together with 
the amount of fluid used in each of these determinations and the time required to collect these 
portions of fluid. A definite portion of the fluid was diluted with 500 c. c. of twice distilled water, 
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and the ammonia in a like quantity of the same water was determined simultaneously and 
deducted from the amount found in the diluted fluid. The minute quantities of ammonia found 
in the fluid in some of these determinations required the greatest care in manipulation to avoid all 
sources of contamination—in the collection of the fluid as well as subsequently in the distillation 
and nesslerization. The greatest care had to be exercised, therefore, in cleansing all apparatus 
used, and in the preparation of the different reagents. 

The fluid for the first seven determinations was collected from my own breath, and, for the 
next thirteen determinations, from the breath of the man with the tracheal fistula, The remainder 
of the determinations were made on the fluids collected from the breath of the consumptive. 


TABLE B. 


DETERMINATION OF FREE AND ALBUMINOID AMMONIA. IN CONDENSED FLUID OF RESPIRATION, 


a 














Grams per litre of fluid. | Time and amt, collected. | 
No. aot = i | a a i a ee Date. Remarks. 
Free NH. | Alb. NHsg. Minutes. le. c. of fluid. face 
a || eee eee 
fea sc 1893. 

I GCC: .0198 .005 60 Dec. 15 | My own breath. 

2 sa .031 .004 55 20) |e ees 

3 5 “ .0314 .0038 “ “ ‘ 

4 Sms .0026 0162 60 | 12 SOON ee ee ne 

5 Ses .0028 .016 aie ef 

I 894. a ae “ 

6 ZY 0245 .004 55 8.5 Jan’ x a eee 

7 A os .022 Defective. 

8 eee .0004 .0002 “16 | Mr. Hickey’s breath. 

9 Shee .0006 .0002 (Tracheal fistula.) 
Io pa .0003 .0002 aarp a 
II ae .0003 .0002 i o 
12 ee .0004 .0006 E22 a fe 
13 coe * Failure. | * Failure. < we 
14 Be aes .0005 0005 25 oe < 
15 eke .0006 .0006 me . 
16 Bs .0004 .0005 * 26 Ab a 
17 Biss .0004 0005 3 A 
18 Oa .0007 0005 29 s e 
19 TOL ua .0006 .0002 30 £ Sh 
20 21.5 “ .0003 .00ol | Feb. 1 S os 

1895. 

21 TS: .0058 .0003 65 15 Jan. 18 | Consumptive person. 
22 12.6 0034 0005 60 12.5 Feb. 7 a 
23 TSF .0023 0033 120 20 at ee ss 
24 TOW .0005 0095 120 | 16 = 09 ss if 


a 


The amount of organic matters present in the condensed fluid, as shown by its reducing power 
upon solution of permanganate of potash, is represented in Table C, the results being calculated 
to Mg. of O. consumed to one litre of the condensed fluid. The table also shows the amount of 
fluid used in each of the determinations and the time required to collect such amount. In three 
of the experiments the amount of air expired is also given. These determinations were made 
according to the methods now in common use for the determination of organic matter in water as 
modified by Kubel; the fluid being diluted with a definite amount of distilled water, the reducing 
power on permanganate of which was simultaneously determined and deduced from the results 
obtained. The ebullition of the fluid was always carefully timed—the time being five minutes. 


* Merely a trace found, 
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TABLE C. 


DETERMINATION OF OXIDIZABLE MATTER IN CONDENSED MOISTURE OF RESPIRATION. 














Time and amount | | | 
collected. Uae vem of et 
Byer sate: eres used ¢.¢.| ernest rel Remarks, 
Hours. | &:%. of | 1 litre. | Litres. | 
fluid. | | | 
1894. | 
I Jan. 31 I 3.5 3-54) orOtae| | D. Hickey’s breath (tracheal fistula). 
Be 2 Bt I Ae (Penn hrs ee a us cd 
3 Fe 31 1 3 3 9 3458| “ “ “ “ 
4 31 I Th 1.5 | 24.916 | ¢ = st 
5 Sept. 6 3 35° =} 25 12.04 | 982.5 My own breath. 
6 oa he Ta 12 | 10 8589 |) 333-3ih ete a a 
7 ; 17| 35 min. 8 Sy aere25 176 | Dr. Gillespie’s breath. 
1595. 
8 Jan. 26 Tee 6.86 | | Consumptive’s “ 
9 ' 29| 20 by 475) 4.75] T8 30 Four hours after last meal.* 
10) 29| 20 4.250 4.25 2.27 | Ela Sho ung ye aeeeeeace mes 
It: 30) 15 s 4 4 |Failure.| Three and a half hours after last meal. 
12 9. 30] 15 4 | 4 |Failure.| Half hour after last meal. 
13 a 31 r ito) ) SIC) | 19.32 Consumptive’s breath. 
14) Sat 3-75, 3-75 10.40 Four hours after last meal. 
15 31] 15 Bee 83.75) 2.00 alishoun vps ae 
To|Meby 1) 15 4.5 ALSO Fe5y7 Three and a half hours after last meal. 
ilk TeeTOw 3 3 | 8.10 | Half hour after last meal. 
Olea meaa,|) Te, < 3.8 3.8 | 10.105 | Gibreesh ours sae eee 
19 = eyints Base 3.5185 485 Half hour “3 
20 ZOO) 9-75| 9-75| 75° Consumptive’s breath. 
Zita aaisrs! 4 4 | 10.90 Four hours after last meal. 
Biz Nace eqs ib Tins -< 4 4 9-70 Four and a half hours after last meal, anti- 
| septic mouth wash. 
23 \ ier Ow arrice < 3.8-| 3.8 | 12.76 Four and a half hours after last meal. 
CAl eee moinz0:- || 16 Be gare Consumptive’s breath. 
rma Si Shr. 3-75| . 3-75| Failure. One and a half hours after meal. 
20 28) Go = 6.25| 6.25| 33.90 | Consumptive’s breath. 
2h 20) TO) & 3.25| 3.25| 8.83 Three and a half hours after meal. 
28) “ 28) 10 “ 2.75| 2.75] 3-47 Four hours after meal, mouth rinsed with 
| warm water. 
29|Mch. 1 | to “ 2.50) 2.50) 7.56 Four hours after meal. 
Byala || are) 2.75 2.75] 3-47 Half hour “ oe 
Sula ze eGo arilsl| se eNO Three hours “ a 
SAO Bl ais BOG) | SeAGi maes pas Three and a half hours after meal, mouth 
rinsed with warm water. 
Bel ie Sale T6 4 4 1.23 Half hour after last meal. 























The fluids for these determinations were collected from the breath of the man with the tra- 
cheal fistula; from the breath of the consumptive ; and from my own breath and that of another 
healthy person. With the exception of one of the results obtained with fluid collected from the 
breath of the man with the tracheal fistula, which result is out of accord with the others (cause 
unknown), the determinations show no marked variation in the amount of oxidizable matter, what- 
ever the source of the fluid or conditions of the person from whose breath it was collected, though 
only a few experiments were made. Just before collecting the fluid for several of the later deter- 


* The fluids for the determinations before and after meals were collected from my own breath. 
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minations in the table, the mouth was well rinsed in a weak solution of formalin or with warm water. 
A reduction of 1.2 Mg. of O. per litre in the 23d from the amount required for the fluid collected 
the half an hour before, seems to have resulted from the use of the antiseptic mouth wash, in others a 
still greater reduction was brought about by simply rinsing the mouth several times with warm water, 

Several efforts were made to obtain evidence as to the chemical nature of the condensed fluid 
collected from my own breath. Eighty (80) litres of expired air were conducted through 50 c. c. of 
a one per cent. solution of oxalic acid in ten minutes. ‘This fluid gave a decided yellowish-brown 
color with 1. c.c. of Nessler’s reagent, showing at least five times as much ammonia as was present 
in the distilled water used to make the oxalic acid solution. The fluid condensed from exhaled 
breath, obtained by conducting the breath through a condensing apparatus laid in ice, was tested 
with the following reagents for the presence of a volatile organic alkaloid: AuCl,, PtCl,, 
Ammon. Molybdate, Ag NO, ; reaction negative. Nessler’s reagent produced a yellow color, and 
a few drops of a ro per cent. solution of HgCl, with a few drops of a 1o per cent. solution of 
KI also gave a yellow color. 

The results of the tests, though few in number, give no evidence of the presence of expira- 
tory products other than those indicated by the determinations of ammonia, and the reducing 
power on solution of permanganate of potash. 

I1I.—Experiments with fluid condensed from the air of a large surgical ward in the University 
Hospital, with and without filtration of the air. 

Several efforts were made to collect moisture from the 
air of a crowded surgical ward of the Hospital by means of 
a large glass funnel, sealed at the neck and filled with ice. 
A small beaker was placed beneath the funnel to collect 
any moisture condensing on its exterior. This method 
proved unsuccessful, and was abandoned. An apparatus, 
shown in Fig. 3, and arranged as shown in Fig. 4, was 
placed on a mantel over an unused open fire-place at one 
end of the ward. 

Description of the apparatus used to condense the 
moisture in the air of the hospital ward : 

Fig. 3 represents the condenser, consisting of a, a small 
glass receptacle eleven centimetres in height and three 
centimetres in diameter at its widest part, and having a 
capacity of 50 c.c. This receptacle has two openings, the 
one at the top being closed with a closely fitting, hollow, 
glass stopper; the second opening consists of a glass tube 
coming obliquely from the expanded portion near the top, 
and at a distance of three centimetres bends upward along 
the side of the receptacle. This serves as the exit tube to 
the receptacle, while the air enters through the hollow glass 
stopper closing the other opening, Each of the tubes has an internal diameter of four millimetres. The 
spiral portion of the condenser consists of a piece of block-tin tubing, 4, three metres in length, 
and five millimetres in internal diameter. ‘This is connected with the entrance tube of the recep- 
tacle by means of a short piece of rubber tubing, and with the dust filter by a longer piece of 
rubber tubing. The exit tube of the receptacle has a piece of glass tubing, thirty centimetres in 
length, and five centimetres in internal diameter, fused to its end. This is bent at right angles 
near its upper extremity, and connected with the gas meter by means of a piece of rubber tubing. 

Fig. 4, represents the apparatus as arranged in the hospital ward. a@ represents an inverted 
bell-jar with the condenser packed in ice. The bell-jar is supported by an iron tripod, 4, The 
dust filter, consisting of a glass tube loosely packed with asbestos, is represented at ¢c, and 
is attached to a stative by means of a clamp, while ¢ represents the gas meter, and / the water 
faucet in the lavatory. The meter is connected with the faucet by means of a long piece of block- 





Fic. 3.—Condenser of apparatus shown 
in Fig. 4. (X 5.) 
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tin tubing of 1{ centimetres internal diameter. g represents the Chapman water pump attached 
to the faucet. 

The dust filter, c, is twenty centimetres in length, consisting of a narrow portion four centi- 
metres long and three millimetres in internal diameter, and of a wider portion sixteen centimetres 
long and twelve millimetres in internal diameter. 

The condenser was cleansed by rinsing it with a solution of bichromate of potash and sulphuric 
acid, then removing all trace of this solution by rinsing it repeatedly with twice distilled water. 
The cleansing of the apparatus was greatly facilitated by attaching it to a Chapman water pump in 
the laboratory, and drawing the cleansing solution and distilled water through it in large quantities. 
It was then placed in the inverted bell jar, packed in ice, and connected with the meter and pump 
in the hospital ward. 





Fic. 4.—Apparatus used to condense moisture from the air of the Hospital Ward. 


With this apparatus a small amount of fluid was collected on days when the atmosphere was 
saturated with moisture, but if this fluid was allowed to remain in the receptacle during several days 
of clear weather it slowly evaporated. However, enough fluid was collected in this manner to 
make several determinations of the free and albuminoid ammonia in it. The results thus obtained 
are shown in Table D; the first and third experiments showing results obtained without placing a 
dust filter of asbestos before the condenser. The second and fourth experiments show the results 
obtained by attaching such a dust filter. 


TaBLe D. 


DETERMINATION OF FREE AND ALBUMINOID AMMONIA IN THE MOISTURE CONDENSED FROM THE 
AIR OF THE HOSPITAL WARD. 











| | 
| Grms. per 1000 cbm. air. No. of 
. . | 0. 0 
No. Date. TameM| Sees ceed ee mnoistore| bacteria per Remarks. 
aspirated, condensed. | f fluid 
| Hree: Niblg: | Alby NED seul aicaee 
| 
1894 Hours. | 
Te Wecerais 435: 4612.9 2 mCnC: | 0.0210 0.0028 3140 |\Nodust filter. 
1895 
Zeal ania oie Ars 3990.3 We 0.00075 | 0. 00125 1331 |Dust filter. 
3 “ 18] 34+ 1669.7 Bs 0.0012 | 0.0015 No dust filter. 
Amy Mehi4)|) 33 1980.0 2.6 | 0.0015 | 0.0010 Dust filter. 





Microscopic examination of the fluid condensed from the air of the hospital ward showed : a 
number of small amorphous particles—black, yellow, and colorless ; a few small crystals, a few 
epithelial scales, small bits of vegetable fibre, and a few bacteria. 

Cultures made from this fluid showed numerous colonies of moulds, numerous common air and 
water organisms, some of which rapidly liquefied the gelatin of the cultures. B, pyocyanus was 
found in one instance, in others a yellow sarcina, and yeasts of different colors. Besides these a 
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bacillus belonging, apparently, to the B. coli group was found immost of the cultures; in one 
instance this bacillus was present in very large numbers and excluded nearly all the other forms. 
It was also noted in the gelatin plates exposed in the ward, and in the cultures from dust collected 
near the apparatus. 5 

On several occasions the dust which had collected on the meter and mantel during the night 
was taken up ona sterilized cotton swab and inoculated upon gelatin plates. The cultures in 
these plates did not differ greatly from those made from the fluid, except that the moulds were 
present in larger proportion than the other organisms noted in the cultures from the fluid. 

Gelatin plates exposed to the air of the ward showed the same character of organisms as in the 
cultures from the condensed fluid and those which developed from the dust collected in the vicinity 
of the apparatus. In addition to the species already noted, colonies of staphylococcus aureus 
and albus were also noted in these plates. 

The small amount of fluid collected from the air of the hospital ward in the manner stated, 
and the rapidity with which it evaporated on clear days, made it impossible to collect a sufficient 
quantity to inoculate it into animals. To overcome this difficulty a small quantity of sterilized 
glycerine (7.5 to 10 c. c.) was aspirated through the condensers after it had been cleansed. It is 
doubtful, however, whether this served to withdraw an appreciable amount of moisture from the air. 
After aspirating air through the apparatus for several days it was brought to the laboratory and the 
fluid in the receptacle transferred to a small sterilized flask. |The condenser was then washed out 
by aspirating 8 to 10 c. c. of twice distilled water (sterilized) through it. This was added to the 
fluid poured from the receptacle, thoroughly mixed with it, and inoculated into animals. The 
glycerine in this fluid inoculated into the animals was diluted at least 50 percent. Three sets of 
animals were inoculated and each time a control animal was inoculated with equal parts of glycerine 
and distilled water that had been sterilized for one hour, The results of these experiments are 
shown in Table E. 

TaBLeE E. 


COLLECTION OF BACTERIA, ETC., FROM THE ATMOSPHERE OF THE HOSPITAL WARD, USING GLYCERINE 
IN THE ABSORPTION APPARATUS. 




















] 
| | ra . . as & 
Smet eel ere | feos | pee Weight of sn and amt. of fluid injected. No, of bacteria 
, cal pbextecan ie ely “4 li Weight. in dilute fluid, 
| oo pel CO ae ea Weight. |c. c.| Weight. |c.c.} (control |c.¢. perc. c 
|, : i [See | ___| animal.) | 
1894. Hours. | | | Grams. Grams. Grams. 
ml Dec. 25) 475 13338.8 1oc.c goo 
ete 694 ay 450 
1895. | | 
3 Jan. 1) 47% | 7754.2 745 _ | 3050 | 6] 1130 | 2] 1025 | 2 2675 
4|  3| 44¢ 7669.3 7-5 2205 | 6 | 2350 | 6} 2205 | 6 1893 
5 Sil isoke al 4924.2 7.5‘‘ | 1970 | 6]| 1280 | 6] 1400 | 6 1646 





The animals inoculated with the products collected from the air of the hospital ward in the 
manner stated were under observation for two months. Three of these animals died during the 
time they were under observation. The control animal of the third series died after twelve days. 
This animal was observed to be in} poor health for several days before its death. On examination, 
post mortem, it was found to have had a good-sized abscess in the right axillary fossa, which had 
ruptured externally: The liver presented numerous whitish bands and foci on all of its surfaces 
and throughout the matrix. A number of echinococcus cysts were found adherent to the liver, 
spleen, and the omentum. ‘The kidneys were normal in size and appearance, and the capsule was 
easily removed. ‘The other organs appeared normal. 

Cultures were taken from the abscess, blood, lungs, liver, spleen, and kidneys. Those from the 
site of the abscess were the only ones developing any growth. The prevailing organisms in the 
cultures from the abscess were staphylococcus albus and aureus. 
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Cover-slip preparations were made from the abscess, blood, lungs, liver, spleen, and kidney. 
Those from the site of the abscess were the only ones showing any organisms; numerous cocci, 
with a few bacilli, were observed. 

Microscopic examination of the organs hardened in alcohol and mounted in celloidin: The 
liver presented some increase of connective-tissue elements between the lobules. ‘The whitish 
bands on the surface of the organ, noted at the autopsy, were found to be due to this increase in 
connective-tissue elements in the inter-lobular spaces. No change was noticed in the liver cells 
themselves. All the other organs were found to be normal. 

The nature of the substances inoculated into this control animal (6 c. c. of equal parts of steril- 
ized glycerine and distilled water) and the antiseptic precautions observed in the inoculation make 
it doubtful whether the source of infection is traceable to the experiment. The changes noted in 
the liver are of such a nature as to indicate their production by causes preceding even those which 
brought about the death of the animal. 

Rabbit No. 2 of the first series, having received 2 c. c. of the fluid obtained by aspirating the 
air of the hospital ward through the condensing apparatus moistened with sterilized glycerine, 
died after 35 days. Autopsy: Half-grown rabbit, poorly nourished, and adipose all used up, 
presented nothing important externally. Internally: A small amount of clear fluid in the abdomi- 
nal cavity ; the liver is somewhat darker than normal, mottled, and contains a few psorosperms. 
Spleen is normal. Kidneys and adrenals are normal in appearance. The right lung is considerably 
congested, being readily torn; the left is also slightly congested. The right side of the heart is 
filled with dark fluid blood ; the left side is nearly empty. Several echinococcus cysts were found 
in the abdominal cavity. 

Cover-slip preparations were made from the abdominal fluid, the kidneys, liver, spleen, lung, 
and blood ; all proved negative. 

The organs were preserved in alcohol and mounted in celloidin for microscopic examination. 

Microscopic examination of the organs: Left lung showed the capillaries and larger vessels 
very much dilated and filled with blood. Infiltration of leucocytes was noted here and there. 
Right lung showed marked proliferation of cells and infiltration of leucocytes. Many of the air 
cells were obliterated. The liver, kidneys, and spleen were normal. 

Rabbit No. 1 of the second series, inoculated with the fluid obtained from the air of the hospital 
ward, died after 38 days. Autopsy: Full-grown rabbit, shows numerous bruises and lacerations of 
the skin over various parts of the body. Many of the wounds along the sides and back show 
ecchymoses under the skin. Adipose not all used up. Internally: Liver slightly darker and some- 
what larger, apparently, than normal. Spleen is larger than normal. Kidneys embedded in fat, 
normal in appearance. Lungs and heart normal. Blood is dark and fluid. 

Cover-slips were made from all the organs with negative results. 

The organs were preserved in alcohol and mounted in celloidin for microscopic examination, 

Microscopic examination of the organs: No abnormalities could be found in any of the organs ; 
all appearing to be normal. 

The remaining rabbits of these series showed no symptoms of any deleterious influence from 
the fluid inoculated. No swelling or formation of abscess was noted in any of them. 

Rabbit No. 2 of the first series evidently died of lung disease, as shown at fost mortem. As to 
the causation of this disease, it is impossible to venture an opinion. Rabbit No. i of the second 
series died of causes which left apparently no manifestations pointing to their nature.* Rabbit No. 
3 (control) of the third series evidently died from the effects of the extensive axillary abscess. As to 
the source of the infection, no decided opinion can be given. Probably the infection gained an 
entrance through the inoculation wound. 

Some experiments were made to determine the amount of oxidizable matter in atmospheric air. 
At first a measured amount of air was slowly aspirated through twice distilled water, and the amount 
of oxidizable matter extracted from the air estimated according to the method used for determin- 


*Death may have resulted from injury, as shown by the contusions and wounds noted at autopsy. These wounds 
were probably inflicted by other rabbits in the same cage, 
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ing the oxidizable matters in the condensed fluid of respiration. In the later experiments the air 
was conducted through two flasks—the first containing 100 c. c. of a 1 percent. solution of sulphuric 
acid, the second 100 c. c. of a 1 per cent. solution of potassium hydroxide. After aspirating a 
measured amount of air through these solutions, 50 c.c. of each were mixed together and the 
amount of oxidizable matter determined as in the earlier experiments. The results are shown in 
Table F. 


TABLE F, 


DETERMINATIONS OF OXIDIZABLE ORGANIC MATTERS IN ATMOSPHERIC AIR, 


| | 
| . 
Amount | Litres of air Time of QO. consumed 




















No Absorbent used. used c. c. | aspirated. aspiration. to pel m.| Date. Remarks, 
= oe iors he eae 
1 Distilled H,O. 12 200 20 |  .340 Aug. 20 Laboratory air, 
2 aa | 3 8 y 
2 | ne s 150 240 22 _ *Failure "2 * 7 
“ “ = te “ “ “ 
a ae |) ee | 8 
oe “ 5 ; . 2 “ 3 ae ae 
5 | 150 240 20 | Failure 24 
6 | s : 150 240 20 _ Failure ee 36 Y 
7 | oF a 150 240 | 20 Failure 26 . — 
| “ “ | a“ ae oa 
8 | a 150 300 20 -030 ee a s 
9 | 150 320 20 059 29 i zs 
10 “ . 150 280 20 |} .085 30 ‘ 
It s 5 150 369 204 013 Sept. 6 3 a 
12 | ee % 100 | goo 50 -204 lo S " 
13 | i . 150 360 24 Failure Sat Us oS 
mq) a 150 | 360 | 20 Failure oF 2 a 
'{ 1% solution H,SO, 100 “ « 
15 | | 1% KHO eas 1000 | 22 558 18 |External 
16 | i: eae gri.25 20 .086 Oct. 2 er z 
100 ‘ 
17 | “7 re 690.5 | 20 .068 we 8 : ¥ 
18 | “ “ es 433 20 | 062 “ 4 “ “ 
“ “ 100 | “c “ “ 
19 axe 447 | 22 |  .007 6 


| 





These experiments were made at a season of the year when the windows of the laboratory were 
open most of the time and the amount of dust floating in the laboratory air must have been about 
equal to that in the external air. The method employed to obtain the oxidizable matter from the 
external air is preferable to that employed for the laboratory air, and, since equal portions of the 
solutions used neutralize each other, they have no objectionable influence upon the process of 
determination of the oxidizable matter. 

In several instances a portion of the water, containing the oxidizable matter extracted from the 
air, was treated with AgNO,, HgCl,, AuCl,, PtCly, KyFeCys, KgFesCy;:, KHO, Ba(HO)., 
H.SO,, I, and with phosphomolybdic acid, am. molybdate, but no reaction was obtained with any 
of these, either in hot or cold solution. Nessler’s reagent gave a deep yellow color, and HgCl, with 
KI produced a lemon-colored precipitate, rapidly changing to red, with deposit of Hgly. 

IV.—Experiments on mice and birds confined in glass jars, by the method used by 
Hammond (to). 

The exact conditions under which Hammond conducted his experiment are not given in his 
treatise, and the size of the jar he used is uncertain. Taking the relative sizes of the animal, jar, 
and the other parts of the apparatus shown in the accompanying figure, it seems probable that he 
used a jar of at least four litres’ capacity. In the apparatus used for our experiments, two- and four- 


*By ‘‘Failure” is meant that merely a trace of organic matter was found, 
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litre jars were used. The arrangements for the absorption of moisture, COz, and for the intro- 
duction of fresh air, were the exact counterparts of these arrangements in Hammond's apparatus, 
judging from his description and engraving, Fresh air was supplied at intervals of one-half to one 
hour. This was accomplished by attaching a graduated aspirator to the Geissler potash bulbs 
containing the Ba(HO), solution. 

The results obtained in these experi- 
ments are shown in Table G. Hammond 
claims that in his experiments a mouse in- 
variably died within one hour. In our ex- 
periments all the animals lived over three 
hours, and some even longer than six hours. 
The great difference in the duration of life 
for different animals may be accounted for 
in the varying susceptibility of different 
animals of the same species to the atmos- 
pheric conditions in the jar, but the still 
greater difference in the duration of life in 
our experiments, as compared with Ham- 
mond’s results, cannot be attributed to 
the same cause, and, since it is not known positively what the capacity of the jars was which he 
used it would be useless to speculate on the point. 

Fig. 5 shows Hammond’s apparatus as given in his treatise (Fig. 10, p..170), and is an accurate 
_ representation of the apparatus used by us, except that it does not show the graduated aspirator 
connected with the free end of the Geissler potash bulbs, by means of which a known amount of 
fresh air was introduced at stated intervals during the experiment. 





Fic. 5.—Hammond's apparatus. 


TABLE G. 


THE “HAMMOND EXPERIMENT.” 

















ee | Exam. of air. | 
No ieee esa! poe | re OF air | Time.| Animal. |Weight.|——— Remarks. 
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| E0.2 |.o: 
— | == = = 
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“ “ “ ce fe “ ce 
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oe) —_ “ “ 55° “ | Oe “ee | 23 a3; > aie “ce 
° 2 3 Tey 5.60 
ae “ 7 “c “ a “ ah | “c a 7 ie : 75 | “ 
: “ “ “ i “ Ton “ 21 ae onl 8°! “ 
: “ 7 “ “ ae “ Sz “ec ‘5 | = 9 | “ 
; [eer eres es 
x9 “ 9 “ oe 25 “ 4g | “ 2 79 5 59 “ce 
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The determinations of the proportions of CO, and of O in the air of the jar at the end of the 
experiments were made with the Bunte gas burette represented in Fig. 6. For rapid determinations 
this apparatus gives quite satisfactory results, and one soon learns to manage it easily and obtain 
results concordant with those obtained by other methods. It is not claimed that the results so 
obtained are absolutely accurate, but any error resulting from the use of this burette is a constant 
one in all the air analyses for the different experiments reported on, and is without influence on 
the results obtained. 

a represents the burette proper; the upper portion is of larger size than the lower, which is 
marked with a scale extending from zero near the bottom to roo c. c. just below the expanded por- 
tion above, and from the zero mark down to 10 c. c. near the lower 
extremity of the tube. ‘The capacity from the roo c. c. mark to the three- 
way stop-cock, 4, closing its upper end, is 50 c, c.—making the entire ca- 
pacity of the tube 160 c.c. The lower end is closed by means of a simple 
glass stopcock, ¢c. e represents a small cup at the top with marks at 20 and 
25 c. c. respectively, thus facilitating the measurement of the contained 
volume of gas at a constant pressure of known amount of water in the cup. 

J represents an iron stand to which the burette is firmly clamped. 

d represents a glass tube of wider calibre surrounding the burette, 
filled with water and serving as a water-jacket to prevent rapid changes 
in temperature of the gases under examination. 








METHOD OF USING BUNTE’S GAS BURETTE, 


The burette is filled with water and the three-way stopcock closing 
its upper end is so turned as to communicate through it with the external 
air, or with the vessel containing the air to be analyzed, by means of a 
short piece of rubber tubing connecting this stopcock with such vessel. 
By opening the stopcock, closing its lower end, some of the water, say 150 
c. c., is allowed to flow out, and the air or gas to be analyzed flows in to 
take its place. When the desired amount of the sample of air has been 
taken, the lower stopcock is quickly closed and the three-way stopcock is 
turned half-way round, thus bringing it in communication with the small 
cup at the top, which should also be filled with water to its 25 c. c. mark. 
The pressure of the contained air is now equalized and the communication 
with the cup is closed. A few drops of water always lodge just below the 
upper stopcock ; these must be dislodged by gently tapping the iron stand 
on the floor. Ina few minutes the volume of air may be read off. The 
burette is then connected at its lower end with a Chapman water pump and 
a portion of the water in it is drawn off. The water in the cup is then poured 

Fic. 6.—Bunte’s Gas out and about roc. c. of a 4o per cent. solution of sodium or potassium hy- 
Burette (X y5)- droxide poured into it, and in turning the stopcock, this flows in to take the 
place of the water just removed. The fluid and air in the burette are now 
gently agitated, at intervals, for five minutes, the cup is again filled with water to the 25 c. c. mark, 
the stop-cock again opened, and the pressure of the gas equalized. If any of the water flows into 
the burette more must be poured into the cup to retain the gas under the original pressure of 25 c. c. 
of water in the cup. This part of the operation requires some care and practice in order to prevent 
the escape of any of the contents of the burette or the entrance of external air. When the pressure 
is again equalized the volume of gas is again read off, the reduction in volume representing the 
amount of CO, absorbed, this is readily calculated to the per cent. of the original volume of gas. 

The burette is now once more attached to the Chapman water pump to remove a portion of 
the fluid in the burette. About ro c. c. of a 12 per cent. solution of pyrogallic acid is poured into 
the cup and allowed to flowin. The fluid and gas are gently agitated, at intervals, during five 
minutes, the pressure equalized as before, the volume of gas read off, and the calculations for O. 
made as before. In most instances N, is the only gas remaining. 
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From the determinations of the proportions of CO, and of O. in the air of the jar, after death 
of the animal, in the Hammond experiments, it is evident that two factors were operative in killing 
it. These were the low percentage of O. present and the high percentage of CO,, which the 
arrangements instituted for the absorption of this gas had failed to remove. Ina short time the 
exterior of the sponges became coated with BaCO, while the Ba(HO), in the interior became 
inoperative. This can be demonstrated by determining the alkalinity of the fluid expressed from 
the sponges, at the end of the experiment, with solution of oxalic acid. Another fact which 
substantiates such a conclusion is that of the clouding of the Ba( HO), in the Geissler potash bulbs 
quite early in the experiment from the CO, in the air aspirated from the jar in supplying fresh air. 
While the solution of Ba(HO), used in the sponges was twice the strength of that usually employed 
in CO, determinations in the Pettenkofer flask method, the amount of solution which can be taken 
up by the sponges of the size used (about 10 c. c. each) is entirely too small to absorb more than a 
fractional part of the CO, generated by an animal during the time of an experiment. 

The mode of death in these experiments presented such a close similarity to that noted in 
cases of CO, poisoning, under other circumstances, that it was impossible to distinguish it from 
death produced by that gas. Judging from the air analyses at death of the animals, from the con- 
stancy of the symptoms and the close similarity of the gaseous contents of the jars at death of the 
animals, and, besides these, the absence of any positive indications of the presence and action of 
other poisonous expiratory products as manifested either by the action of the animals or the mode 
in which death took place, it is safe to conclude that the low percentage of O, together with the 
high percentage of COg, in the atmosphere of the jars, were the principal causes of death. The 
mode of death differed in no particular from that noted in the case of animals dying in the closed 
vessels, in the “ Brown-Séquard”’ experiments, or in those made with artificial gaseous mixtures 
where sufficient oxygen was present to support life for several hours. Another fact, observed like- 
wise in all the other forms of experiment reported on, was the prompt revival of the animals when 
removed from the jars and supplied with fresh air. In exceptional cases, where the animal was not 
removed until death was certain to take place in a very short time, the revival of the animal did 
not follow on removal from the jar, but death supervened at a shorter or longer period after 
removal. The failure of these animals to revive might be attributed to the presence of ante-mortem 
clots within the heart cavities produced by the long-continued respiration of such high percentages 
of Co, as existed in the atmosphere of the jars in this and the other experiments. The prompt 
revival of the animals removed from the jars a little earlier appears to be an additional indication 
that the symptoms produced in these experiments had been due to the relative proportions of O 
and CO, present in the atmosphere which the animals breathed. ‘The effects of an organic volatile 
poison would not allow such rapid recovery, and would most probably manifest itself by continued 
ill-health on the part of the animals subjected to it. 

Some animals vitiated the contained air more rapidly than others, so that, while there is a close 
relation between the composition of the atmosphere at the end of the experiments, it is evident that 
the degree of respiratory interchange determined the duration of life for each individual. The 
room temperature for these experiments was very nearly constant—18° to 25° C. 

A further attempt was made by modifying the apparatus. This modification is shown in Fig. 
7. Here the CO, is absorbed by passing the air, issuing from the bell-jar containing the animal, 
through five Pettenkofer absorption tubes, each containing 100 c. ¢. of astrong solution of Ba(HO), 
[10 g. Ba(HO), + 8H,O tor L.]. In addition to this, the air is passed through two Pettenkofer 
tubes, each containing roo c.c. of Buchner’s alkaline pyrogallate solution, to remove some of the 
O from the air. The moisture is absorbed by CaCl, placed in a shallow vessel, covered with a 
perforated porcelain plate, in the bottom of the bell-jar. 


“ce 


DESCRIPTION OF THE APPARATUS USED IN THE MODIFIED HAMMOND” EXPERIMENT, FIG. ie 


a represents a one-litre bell-jar resting on a ground-glass plate, and contains a shallow vessel with 
CaCl,. The vessel containing the CaCl, is covered with a perforated porcelain plate on which 
the mouse under experiment is placed. 
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4 6 are the two aspirating flasks, of four litres’ capacity, partially filled with saturated salt solu- 
tion. By reversing their positions these aspirators give a continuous current of air, The rubber 
cork closing the top of these flasks carries two glass tubes with glass stopcocks, and the apparatus 
is so constructed as to maintain the air current in the same direction by closing one, and opening 
the other, of these glass stopcocks when the flasks are reversed in their positions. 

The Pettenkofer tubes containing the Ba(HO), are attacked to the stative ¢, and those con- 
taining the pyrogallate solution to the stative @. 

é represents a stopcock in the tubing connecting the aspirators. This serves to control or 
arrest the aspiration. 





Fic. 7.—Modified Hammond Apparatus (devised by Abbott). ’ 


The results obtained with this modification of the apparatus are shownin Table H. The same 
animal was used in each of the six different experiments performed, and it failed to succumb to the 
conditions present in any of them. In the later experiments, in which the animal was placed in a 
one-litre bell-jar, it failed to reduce the proportion of O in the volume of air within the apparatus 
(about six litres) to such an extent as to endanger its life, even with the additional reduction of O 
taking place in the two Pettenkofer tubes containing Buchner’s solution of alkaline pyrogallate. 
‘The percentage of CO, remained quite low through the absorption by the Ba(HO), in the five 
Pettenkofer tubes. ‘The construction of the apparatus permitted the continuous circulation of the 
air within the apparatus so that the animal was constantly breathing air that had been breathed and 

















TaBLeE H. 
MODIFIED “HAMMOND” EXPERIMENT. 
© = oh ore ie ak aes i ee [ae reat 
\Examination 
: s of air. | 
No.| Date. Animal. Weibbt, | Aspiration: Number of Capacity | Time, Remarks. 
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| | 
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| | | | 
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2 “c 25 “ “ | “ “ “ “ 8} “ “ “ce 
3 o 26 oe | ae “ “ 1000 Cc. o 6 “ “ a“ 
“ | « “ ‘ 5 Ba(HO)s| « «| | | Previous aspiration 
4 =a 2 Pyro. 4i | -33) 9-44) 2 hours. 
Sal See eo le Ue r ie ok | 7 — 18.35 Previous aspiration 
12 hours. 
6 |\Nov. 3} “ | “ | cc is Ly elec | 64 | | Previous aspiration 
| 10 hours. 
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rebreathed before. The direction of the air current through the apparatus is shown by the position 
of the arrows in the figure. By changing the position of the aspirating flasks, and turning the stop- 
cocks in the glass tubing inserted through the stoppers closing the upper openings of the aspirators, 
the current was maintained in the same direction as before, and the entrance of external air was 
thereby prevented. 

The results obtained show that, with the absorption of the COy, as generated, the mouse re- 
mained relatively comfortable in the atmosphere present and that no deleterious effects developed 
from the continued rebreathing of the air confined within the apparatus. ‘The animal seemed to 
be somewhat oppressed toward the close of each experiment, but revived quickly after removal 
from the apparatus. 

The air contained in the two aspirating flasks was retained each time in the later experiments. 
Consequently in these experiments the fresh air-supply comprised only that which was enclosed in 
the Pettenkofer tubes, the rubber connecting tubes, and in the bell-jar containing the animal. [n 
several of the later experiments the volume of air within the apparatus was aspirated continuously 
through all its parts for some hours before beginning the experiment. In this manner the pure 
air-supply was reduced to one litre, the amount of air in the bell-jar containing the animal. 

V.—Experiments to determine the proportions of CO, and of O in the air of a glass vessel in 
which small animals (mice and birds) had remained until death was produced, and the effects of 
different temperatures upon the duration of life and on the composition of the residual atmosphere 
after death in such cases. 

The results obtained in these experiments are shown in Table I. At the room temperature 
death did not take place until the amount of oxygen present was too low to support life. At a 
higher or lower temperature there was a slightly shorter duration of life, varying with the amount 
of increase or reduction of the temperature. 


ARAB TR ele 


EXPERIMENTS WITH ANIMALS IN CLOSED VESSELS—ATMOSPHERIC AIR. 






































Exam. of air. 
No, | Date. eae puree: Time. | Animal. | Weight. Remarks. 
GOn Peo: 
1893 Hours. Grams.| % a 
1 |Nov. 27 |1000 c.¢.| 29.5° C.| 4 Mouse. | 184 | 13.818 
CM ewe Silene et aR Cyl 3k os 182 | 17.66 
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7alianee2O)|iverteces lio! 7 1C.|, 4) i 21 12.00 | 8.60 
Sule lees | saree Ci at os II 12.00 | 8.60 
OMigmeesolzcoo ss iain C4 ‘ 21 
TOM Hebe aris) iar. 2 Cl) 4% x 
pL | pare ee, 7-5. Cc iD . 12.60 | 8.00 
12 ¥ é 5. i ‘C; 73 10.00 | 9.20 ; 
13 2d Call) a: 13.20 6.40 |Cold-water cloths applied 
| to the outside of the jar 
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Meena see || a7e" C. |) 2} a P2075) || 5500 
7S “ 13 “ “ aoe ¢ 2} “cc 
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21 F. Bolles nls Call oe i 23 13.00 | 6.929 
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The effects of temperature upon the duration of life in a confined space (and even in the open 
air) are better shown in the repetition of Richardson's experiments (8), as presented in Table J. 
The results obtained in these experiments show that the duration of life is very perceptibly short- 
ened through the influence of a higher as well as of a lower temperature than 18° to 20°C. 


TABLE J. 



































““ RICHARDSON’S ” EXPERIMENT. 
= — = a T —— 
re : we | Exam, of air. 
No. | Date. | Animal. | Weight. | Copicity | Temper | Shere, | Time | | Remarks 
| 10g: Syed | 
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2a ane x 22 Se koi " ae irs.) 1237; 15-7 ee 
3 “ 5 “ 214 ae | 0.0% oe “ it af Il.4 6.05 { 
4 ae 5 “ 204 a 116.2 “ “ 3 “ | 13.15 2.6 | 
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7a a0; leas * lane iene: Soh 7 j2x * and 5. Died. 
| | eee current of air 
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9 “« 6 | “ |. ‘bo “ 19.5° 6 23.41 % N. 44 hrs. E nate N 
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12 alee (O)lN San | H 2 “ |25.20 | 47.26 | After death of No. 
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131) “s'o)) Gray) | Gar 4 eh 9.2 % N.| 3} “ 
mouse. | | 
Taal; pr 9 ve | ee zor © 26min.) 28.01 After death of No. 
90.8 % O. | 13. 
15 | “ 10} White | 18 a 50.. * 9.2 %@ N. | 3hhrs. | 
/ mouse. | 
16-4 = “Sigh [oa oan a Bones lee “ | 19.34 | 55.03 |Afterdeathof No. 15 
; 90.8 % O. etl 
1} sx0 a 16 : -4.5° : 9.2 % N. 54min.) 
TSU Toles 22 Se -1.0° ‘ 40 “ | 2493 | 60.65 |Afterdeath of No. 17 
TQ) 13) 12 18. 5 Air. | 2thrs. : 
20) 13 ms 13 Le 1Ostee . -1min.| 14.47 | 4.07 |Afterdeath of No. 19 
21 “ 13| we 12 “ -4.0° “ce Alr. 55 “ 
CE Jal Wma Gey | ie 13 ce -7.5° “ 34“ | 10.76 | 7.45 |Afterdeathof No. 21 








An interesting condition noted in autopsies upon a number of the animals that succumbed to 
the conditions in the “ Richardson” experiment was that of the blood in the heart of the animal. 
In the cases where death supervened in a short time, the heart blood was fluid and seemed to tack 
the power of coagulation, while in those cases in which death resulted after several hours’ confine- 
ment in the flask, the cavities of the heart contained firm, dark clots of blood. This condition of 
the blood was, no doubt, due to the influence of the CO, generated by the animal during the 
experiment. 7 
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CHART I.—SHowING RELATIVE PROPORTIONS OF CO,.AND OF O, AND THE RELATIVE DURATION OF LIFE IN THE 
EXPERIMENTS IN CLOSED VESSELS. 


( setnecectecmessecescew Represents relative per cent. of CO, at close of exp. 


Wine eee “ Meaeer sc: Teale Oe fea Nes 











duration of life. 


se 


room tempera ture. 


STEP ToPE CR 









at 


are 





a Sum rs 
iS ° uy 
GREE|s C. 


to 
(a9 
— DE 


ea | ea Ste 
o GT Is 
PEE 


Si 


o lm NM lo 
co 8 iS lo 
O,, |Ar CHOSE JOF EKA 
w 
a 
g 


rs 
Ss 









N 
ON 


th w 
° Ss 
ee 
ea = 
fens ie 5] 
cms | ees ores aoe [| 


is 
° 
CEN 





PER) 


x 


x | OF 
lot | 
DURAT 


Chart I. shows the relative duration of life, the relative proportions of CO, and of O at death 
of the animal, in the experiments with animals in closed vessels containing atmospheric air. 


CHART II.—SuHow1ne RELATIVE DURATION OF Lire, PROopoRTIONS OF N AND O AT BEGINNING OF EXPERIMENTS, 
WITH THE TEMPERATURE OF THE ATMOSPHERES IN THE ‘! RICHARDSON” EXPERIMENTS. 
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Chart II. shows the relative duration of life, the relative proportions of N and of O at the 
beginning of each of the “ Richardson” experiments, also the temperature curve for the entire 
series, 
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TABLE K, 


EXPERIMENTS WITH ARTIFICIAL ATMOSPHERES, 
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In order to ascertain whether an atmosphere which had served for respiration, once or oftener, 
affected an animal differently from an atmosphere made up artificially from pure gases to the same 
proportions as found in the analysis of the atmospheres in the different experiments reported on, a 
series of experiments was undertaken to determine the effects of gaseous mixtures made up of 
varying proportions of CO,, O, and of N. The results obtained in this series of experiments are 
shown in ‘Table K, giving the capacity of the jar, the weight of the animal, the composition of the 
atmosphere before and after the experiment, and the duration of life in such an atmosphere. The 
construction of artificial atmospheres, and the introduction of an animal into such an atmosphere 
without considerable alteration of the proportions of the different gases, through the accidental 
introduction of atmospheric air, was not always found an easy matter. ‘The chief difficulty was 
unfortunately a fundamental one, in that the CO, was not entirely free from atmospheric air; the 
oxygen contained more than ro per cent. of N; while the attempt to obtain pure N from 
atmospheric air by means usually employed for this purpose—burning out the O with 
phosphorus—gave variable results with each attempt, the proportion of O remaining after the 
absorption of the P,O, usually ranged from 2 to 5 percent. Under these circumstances it will be 
seen that there was an almost insurmountable difficulty to the construction of an atmosphere having 
the exact proportions of the different gases predetermined for it, and abundant evidence of this 
difficulty was obtained from analyses of the mixtures after sufficient time had been allowed, as was 
supposed, for the diffusion of the gases. 

The thorough diffusion of the components of gaseous mixtures appears to be a slow process. 
Twenty four hours, or longer, was usually allowed for this to take place, yet from the variable 
lengths of time during which animals of the same size and apparently possessing the same amount 
of vitality could survive in atmospheres of equal volume made up from the same mixture, and the 
variable proportions of the different gases found on analysis after death of the animals exposed to 
these atmospheres, show that perfect diffusion had not always taken place. These discrepancies 
in the construction of the gaseous mixtures are to be regretted, though they are not great enough 
to vitiate the value of the experiments taken asa whole. The positive character of the results is 
too evident to allow these difficulties to have much weight. 

There is an uncertain feature in the determinations of the proportions of CO, in the gaseous 
mixtures, after death of the animal, in those instances where this gas was originally present in high 
percentages. On this account it would be well to bear in mind that the third column representing 
the proportions of the different gases present at death, marked N, represents, in fact, the gases 
which failed to be absorbed in the gas-burette by the solutions of caustic soda and of pyrogallic 
acid used to absorb the CO, and O present. There is no doubt as to the presence of the propor- 
tions of CO,, as stated in the different experiments, before placing the animal in the mixture. 
Whether a large proportion of the CO, was likewise absorbed by the animal, it is impossible to say. 
There is no probability that such was the case. A part of the loss of CO, may also be accounted 
for in the method employed in making the gaseous mixtures. These mixtures were made by 
displacing water from the jars which were to contain them. The water may have taken up the 
CO, more readily than the other gases, especially where this was the first gas introduced into the 
jar, and may, therefore, have been a slight source of variation in the composition of the mixture ; 
yet, it seems, from analysis made just before placing the animal in the mixture, that the loss in 
this manner was very small. The desired proportion of CO, was usually present, even after 
twenty-four hours had been allowed for diffusion to take place. 

Chart III. shows the results obtained in these experiments as to the relative duration of life 
and the relative proportions of CO, and of O at the beginning of the experiment, as well as at 
death of the animal. In comparing this chart with Chart I., it must be remembered that in this 
series of experiments the composition of the atmosphere was a different and variable one, while in 
the series of experiments shown in Chart I., the composition of the atmosphere at the beginning of 
the experiment was invariably the same—é.c., atmospheric air. This fact, along with the variations 
in size of jar for different animals, explains the longer or shorter duration of life in this series of 
experiments as compared with that presented in Chart I. The very important influences of these 
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variations must be kept in mind constantly in comparing these two charts, as well as in comparing 
the results obtained in any of the other forms of experiment. 


CHART IlI.—Snowinc THE RELATIVE PRopoRTIONS OF CO, AND O, BEFORE AND AFTER EACH EXPERIMENT 
WITH THE RELATIVE DURATION OF LIFE IN THE EXPERIMENTS WITH THE ARTIFICIAL GASEOUS MIXTURES. 


( — — — Represents relative proportion of CO, before, and - -- —~--- after, the experiment. 
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The mode of death in these experiments, when sufficient O was present to support life for 
several hours, was similar to that noted in the ““ Hammond ” experiments, in the experiments with 
atmospheric air in closed vessels, and in the “ Brown-Séquard” experiments, and could not be dis- 
tinguished from death in CO, poisoning. When such an amount of O was not present, death was 
often almost instantaneous, following, at the longest, within five minutes after the animal was placed 
in the jar. After a few gasps and several violent struggles, life became extinct. 

A number of the animals used in this series of experiments were examined fost mortem. The 
gross appearances presented in these animals were of the character of those found ordinarily in 
cases of CO, poisoning. Intense venous engorgement was noted in all the organs and tissues, 
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The heart invariably contained large, firm blood-clots, dark in color, extending from the auricles 


- into the ventricles. This was usually most marked on the right side. 


Microscopic examination of the organs, hardened in alcohol and mounted in celloidin, pre- 
sented no other constant conditions than those brought about by the mode of death—the extensive 
venous engorgement. The very slight pathological changes noted in isolated cases, from the 
rapidity with which death ensued on exposure to the atmospheric: conditions present, must be 
attributed to causes antedating the time of the experiment by a considerable period. The changes 
here referred to were mostly of the nature of interstitial changes present in the liver and kidneys. 
No trace of the poisonous effects of any other respiratory products was noted in any of the animals 
examined. 

The results obtained strengthened to a satisfactory degree the conclusions drawn from the 
results obtained in the other experiments reported on. It was shown that in the absence of a suffi- 
cient proportion of O in the artificial gaseous mixture to support life—at least 5 per cent.—the 
animal speedily succumbed. On the other hand, CO, could be present in quite large proportions, 
as long as sufficient O was also present to support life for some time, and no untoward effects were 
manifested. The different animals used in these experiments—sparrows, rats, mice, guinea-pigs, 
and rabbits—manifested no distinct differences in susceptibility to the conditions present. 


VI.—Experiments in the inoculation of animals with the moisture condensed from the 
exhaled breath, as conducted by Brown-Séquard and d’Arsonval, by Hofmann-Wellenhoff, and 
others. Four series of animals were inoculated with the fluid as shown in Table L. 


Series I.—The fluid, clear, limpid in character and without odor, of which 21 c. c. had been 
collected from the breath of a healthy person on December 5, 1893, was warmed by holding the 
receptacle containing it in a vessel of warm water, about 35° C. A rabbit, weighing 1870 g., 
received 1} c.c. into the large vein at the margin of the ear. Another rabbit, weighing 1820 g., 
also received 17 c.c. in the same manner. A guinea-pig, weighing 220 g., received 44 c. c. into 
the peritoneal cavity. A second guinea-pig, weighing 280 g., also received 4} c. c. into the peri- 
toneal cavity. A third guinea-pig, weighing 220 g., received 43 c.c. of sterilized distilled water 
into the peritoneal cavity as a control. 

These animals were kept under careful observation for more than a month, and as nothing 
unusual in their condition presented itself, they were released. 


Series I].—On January 18, 1894, 20 c.c. of the fluid had been condensed from the breath of 
the man having the tracheal fistula. The fluid was warmed by holding the receptacle containing it 
in a vessel of warm water, about 36° C. 

Of this fluid 5 c. c. were injected into the peritoneal cavity of each of three white rats ; a fourth 
rat receiving 5 c.c. of sterilized distilled water into the peritoneal cavity as a control experiment. 


INOCULATIONS WITH CONDENSED FLUID OF EXPIRED BREATH. 


FPARER ls. 


SERIES I. 





Amount of fluid 








No. Date. Animal. | Weight. injected, Remarks. 
1893 Grams. ; 

I Dec. 5| Rabbit | 1870 12 c.c. Under observation over a month. Healthy. 
2 a“ oe | 1820 12 ae 7 “ee oe “ce ce 
3 “c [eee vie 220 43 ‘e “c “c “ «“c “c 

“ce ae 1 “oc “ “ “ce “ce ““ 
4 280 42 - . . "y* . . 
5 At Control—inoculated with sterilized distilled 


“ “ 220 
water. 
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SERIES II, 
7 Toa ba = Ge ale — ae “ibe, 
1 | Jan.18| White rat | 195 | Bic.c, Still alive and healthy. 
2 a oh 140 Cee Died 9-6, 1894, from other causes. 
3 y P 148 oe Suill alive and healthy, 
Control—inoculated with sterilized distilled 
< - 112 an water. 
SERIES Il. 
; te 
I Feb. 2 Rabbit 1500 | WAC: \Killed after 48 days. 
2 . 2150 fo" = Still under observation. Healthy. 
nie £ 880 Sie we Died after 28 days. 
Control—inoculated with sterilized distilled 
4 oF . goo ee water. 
SERIES LV. 
_ i 
1 |Mch. 30} Rabbit | 116 10 C.¢c, Still under observation. Healthy. 
Ziel), de nee i | 1400 | TO": Killed 11-2, 1894. Healthy. 
3 “ “ce 1759 | Io a“ “ “ 
4 s a 1359 | 10 “ Still under observation. Healthy. 





These animals were under close observation for several months without noting any alteration 
in their condition. One of them has since died (Sept. 6, 1894) from other causes. The others 
continue well. ; 

Series I1.—On February 1, 1894, 44 ¢.c. of the fluid had been collected from the exhalations 


of the man having the tracheal fistula. This fluid was again warmed, as before, to about 35~ GC, 
and injected into the peritoneal cavity of rabbits as follows : 


No. 1. Weight, 1500 g., 7.5 c.c. of fluid. 

No. 2. =) 2050, p24 TOOle Gn a 

No. 3. ns 880g, 5occ. “ © 

No. 4. ns goog. 5.0 c.c. “ sterilized distilled water. 


Rabbit No. 3 of this series died during the night of March 4, 1894, and an autopsy held the 
next morning showed the following conditions * : 

Young female rabbit. Externally: Not very thin, adipose not quite used up. Internally : 
On opening the abdominal cavity the organs were found in normal position. Stomach and large 
intestines well filled. Liver slightly enlarged, no spots ; shows lobular appearance well marked ; 
rather pale in color, as are all the organs and tissues (albino). Gall bladder well filled with pale 
bile. Small intestines moderately filled ; no change in their appearance ; Peyer's patches not 
enlarged. Appendix not inflamed. Spleen not enlarged. Kidneys normal in size, Adrenals small. 
Lungs normal, rather pale. Heart rather pale, contracted on left side, right side filled with blood. 

Cultures were taken from the liver, spleen, blood, and abdominal fluid and all proved negative. 

Microscopic examination of the organs: Kidney: Presents some blood-vessels which contain 
an increased amount of white blood corpuscles. Glomeruli are slightly swollen, showing a small 


* Autopsy made by Dr. Olmsted, 
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amount of infiltration. Slight increase of connective tissue between the tubules. Large blood- 
vessels are very much dilated. Areas of slight extravasation. A certain amount of cloudy swell- 
ing. Liver—Shows large number of small areas of cell-death-—necrotic areas. Breaking up of 
cells and fragmentation of the nuclei, which is almost identical with the conditions found in 
diphtheria. Adrenals—No change apparent. Spleen—No change apparent. The teased heart 
muscle, treated with acetic acid, shows possibly a trace of fatty degeneration. No ‘‘ widespread 
ecchymoses and hemorrhages in the lungs and intestines ” were found, as reported by Brown-Séquard 
and d’Arsonval. 

On March 20, 1894, rabbit No. r of this series was killed in order to study the condition of its 
organs and compare the results with the conditions found in rabbit No. 3. Weight before death, 
1830 g., gain 330 g._ It seemed to be in perfect health. 

On opening the abdominal cavity the organs were found in normal position. No increase of 
peritoneal fluid. Onthe liver a number of points (psorosperms ?), one a depression }mm. in depth, 
grayish-white in appearance, were noted; mostly on the left lobe. Several other small areas— 
whitish in appearance, sharply limited in their outline, smaller than the last, not distinctly depressed, 
usually two, three, or more together—-were found scattered over the upper and lower surfaces of 
the liver. The liver is dark in color, lobules well marked out ; of about normal size and consistency. 
Cutting into the liver there is the usual amount of hemorrhage. Spleen—Small, if anything, it is 
contracted, otherwise of normal appearance. Adrenals appear normal. Kidneys—Embedded in 
usual amount of fat. Normal in size, color, and consistency. Small echinococcus cyst in the great 
omentum, and another in the liver. Intestines normal inappearance. Heart normal in appearance. 
Portion of muscle teased with salt solution and treated with acetic acid shows no fatty change. 
Lungs normal in appearance, 

Cultures were taken from the peritoneal fluid, liver, spleen, kidneys, and blood. All proved 
negative. 

Microscopic examination of the organs: Liver—Contains a small hemorrhage at the depressed 
part noted at autopsy. The other spots noted are found to be entirely superficial. Slight increase 
of connective-tissue elements. Engorgement of a capillary noted. Kidney—Nephritis manifested 
by some congestion of vessels, proliferation of the connective-tissue cells between the tubules and 
around the glomeruli ; an occasional glomerulus being quite contracted. Spleen shows an increased 
amount of pigment. 

The remaining rabbits of this series have continued well to the present time. 


Series IV.—On March 30, 1894, 45 c. c. of the condensed fluid had been collected from the 
breath of a healthy person. This was again warmed to 35° C., and injected into the peritoneal 
cavities of four rabbits, each receiving 10 c. c. of the fluid ; their weights were as follows: 1161 g., 
1359 g., 1400 g., and 1759 g. 

On November 2, 1894, the rabbits of this series having remained healthy, Nos. 2 and 3 were 
killed in order to study the condition of their organs, and determine whether they presented or- 
ganic lesions traceable to the fluid injected. They were in perfect health as far as might be judged 
from their appearances. 

On post-mortem examination all the organs in these animals were found to be normal. Nor 
was any abnormality to be noted in microscopic examination of the organs. 

The remaining animals of this series continue well to the present time. 

The pathological conditions noted in the cases of rabbits Nos. 1 and 3 of Series III., are not 
unusual in these animals, as they are very commonly found in normal animals reared in the labora- 
tory and in those purchased from dealers.* It is unsafe to infer, therefore, that any of the condi- 
tions noted in these animals were due to the action of the fluid injected. 

The sterility of the fluid injected into the animals in this series of experiments was tested each 
time by the inoculation of portions of it into tubes of melted gelatin ; these were then hardened 
according to Esmarch’s method. In two instances several colonies of a yellow bacillus, common to 


* This fact has also been noted by Dr. Abbott. His observations have not yet been published. 
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or 


the air of the laboratory, developed in the cultures. In the other instances the cultures remained 
sterile, The fluid used in these cultures was taken from the portions remaining after the animals 
were inoculated. This fact, in all probability, accounts for the contaminations noted, There is no 
evidence that any micro-organisms were carried over in the exhaled breath while collecting the 
fluids for the inoculations. The nature of the organisms which developed in these cultures indicates 
that they gained entrance to it while the fluid was being warmed and inoculated into the animals. 


VII.—Experiments causing animals to breathe air recently expired by other animals. 

These experiments are designated as “ Brown-Séquard” experiments. The apparatus used 
consists of a series of bell jars, four to six in number, connected together by means of glass and 
rubber tubing, and so arranged that a continuous current of air is conducted through the entire 
series. The apparatus is shown in Fig. 8. The first animal receives pure air only, the second 





Fic. 8.—Brown-Séquard apparatus. 


animal receives the air coming from the bell jar containing the first animal, the third that coming 
from the second, while the last animal receives air that has traversed the entire series, and, conse- 
quently, contains the impurities added to it in its course through all the other jars. 


THE “BROWN-SEQUARD ” APPARATUS—FIG. 8. 


The Nos. 1, 2, 5, 6 represent four of the six bell jars in the series. 

a, represents the gas meter. 

2, represents a small Erlenmeyer flask containing about 100 c. c. of water. The bubbles pro- 
duced by the air passing through the water show whether aspiration is regular or not. 

¢, represents a Woulff bottle attached between the Erlenmeyer flask and pump to prevent the 
entrance of water into the apparatus when there is negative pressure in the apparatus. 

d, represents the water tap. 

e, represents a Chapman water pump, which creates the suction and maintains the ventilation. 

The glass and rubber tubing connecting the different parts of the apparatus, as shown in the 
figure, has an internal diameter of nine mm., while that used to connect the seven-litre bell jars 
was only five mm. in its internal diameter. 


DESCRIPTION OF THE “BROWN-SEQUARD” APPARATUS—FIG. 8. 


The bell jars rest on large ground-glass plates, and, in order to produce an air-tight joint, the 
base of the bell jar is well rubbed with beef suet (well adapted for this purpose). In addition to 
this, the joint is sealed with melted paraffine. If this work is carefully done there is no possibility 
of leakage at these joints. The bell jars are connected together by means of glass tubing bent at 
right angles and inserted through a perforated rubber cork fitted into the openings near the top and 
bottom of the jar. The air enters the apparatus through the gas-metre. The metre is connected 
with the first jar by means of rubber tubing attached to the glass tube inserted into the upper 
opening of this jar. After passing through this jar it takes its exit by means of the glass tube 
inserted into the lower opening, and connected with a similar glass tube inserted into the upper 
opening of the second jar by means of a short piece of rubber tubing. It takes the same course 
through all the jars, 

The bell jars shown in the figure represcnt those used for the rabbits, and have a capacity of 
37,000 c. c. A wooden box, four inches in depth and just large enough to allow the bell jar to be 
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placed over it, was placed in each of these bell jars. These boxes contained fine dry sawdust to a 
depth of about five cm., thus forming a comfortable bed for the animals, and at the same time 
absorbing the urine. In the last experiment (No. 33) it was found necessary to change the saw- 
dust in these boxes every eight to twelve days. When the sawdust was changed each week the 
animals remained comfortable. 

The bell jars used for the mice, sparrows, and guinea pigs were exactly similar in construction 
to those represented in the figure, but only of 7000 c. c. capacity. For these animals a false 
bottom of wire netting was placed in the bell jars instead of the boxes with sawdust. This 
arrangement served to keep the mice and sparrows dry and comfortable, but was less satisfactory 
with the guinea pigs. 

For the mice and sparrows sufficient food and water were placed in the jar at the beginning to 
last to the close of the experiment. For the guinea-pigs and rabbits this was impossible ; these 
being fed daily on cabbage leaves introduced through one of the openings in the jars. By arresting 
the aspiration of air through the apparatus for a few minutes there was very little opportunity for 
any change to take place in the confined air while the animals were being fed. 

In order to facilitate the taking of samples of air from the bell jars, a T-tube was inserted 
between each of the last three jars. The Bunte gas-burette was attached to the stem of one of these 
T-tubes and the air aspirated from the jar by the force of the water flowing out of the lower open- 
ing of the burette. By placing a screw clamp on the rubber connections on either side of the 
T-tube it was possible to take a sample of air from the jar before or after it, as might be desired. 
By stopping the aspirating pump there was rarely any difficulty in taking a sample of air from any 
of the jars in the manner stated. On two or three occasions a slight negative pressure in the jar, 
caused by the small amount of ventilation taking place, prevented the aspiration of a sufficient 
amount of air (100 to 150 ¢.c.) to accomplish its analysis in the burette. Otherwise no trouble was 
experienced in the taking of samples of air as desired. The gas-burette was connected with the 
T-tubes by means of a short piece of rubber tubing attached to the stem of these tubes and ordi- 
narily closed with a short glass rod. The rubber tubing was attached to the three-way stopcock 
of the burette. 

The results in the thirty-three experiments performed upon sparrows, mice, guinea-pigs, and 
rabbits are shown in the following tables. 

In these experiments, as well as in those previously reported, the disturbance of the heat-regu- 
lating function may have contributed to the results. 

Absorbers containing caustic soda or potash, or soda lime, were used in experiments 6 to 14 
between the third and fourth, and the fourth and fifth jars of the series to absorb the CO, from 
the air passing into the last two jars. This arrangement failed to save the lives of the animals 
in these two jars. In experiments 15, 18, and 19, an absorption-tube containing concentrated 
H,SO, was placed between the last two jars. The results obtained in these three experiments 
do not differ from those obtained without the H,SO, absorbers, and, therefore, give no evidence 
whatever of the protective influence claimed for such absorbers. The primary cause of death, 
low percentage of O, was still present and active. 

Experiments 20 to 28 were made with the hope of producing some slight tolerance to the 
atmospheric conditions present in these experiments on the part of an animal subjected to such 
conditions for a considerable time. While there is positive evidence that a mouse living under 
these conditions for several days can withstand an atmosphere that instantly kills a fresh mouse, 
the number of experiments made are insufficient to prove that such tolerance has any great degree 
of permanency ; yet the results obtained with the mice carried through the series of experiments 
from 20 to 28 indicate the probability that the tolerance obtained is maintained for at least several 
days afterward, and that such animal is less likely to die when again quickly placed into such an 
atmosphere than one that had not had such an experience. 

The guinea-pigs used in experiment 30 seemed to be unable to withstand, with equal facility 
with the mice and sparrows, the atmospheric conditions to which they were subjected. Several of 
them succumbed to cedema of the lungs during the second week of the experiment, but since this 
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is the only experiment in which these animals were used, a positive opinion on this point cannot 
be given. 

The rabbits in experiment 31 were supposed, at the time, to have succumbed to the oppressive 
heat of the laboratory owing to the season of the year, but the later experiments would indicate 
an insufficient amount of air was aspirated through the bell jars, and it is evident that leakage took 
place through some of the connections because of the irregular order in which death took place. 

The last experiment was made to determine what the results would be when the proportion of 
CO, was kept as low as Brown-Séquard and d'Arsonval claim for their experiments. It was found 
impossible to aspirate sufficient air per hour to bring about this result. However, sufficient air was 
aspirated to prevent the reduction of the O to proportions that were insufficient to support life. 
By this means it was possible to continue the experiment for six weeks without losing any of the 
animals, or producing any grave symptoms in any of them. 

In this experiment mercurial manometers were attached between the first and second, and between 
the fifth and sixth bell jars to ascertain the amount of negative pressure, if any, brought about by 
the conditions or by the form and arrangement of the apparatus. A difference of about three milli- 
metres was noted between the fifth and sixth bell jars, while no difference was noted between the 
first and second. It was also ascertained, by placing a clamp on the rubber tubing connecting the 
fifth and sixth jars, and continuing the aspiration, that the amount of negative pressure required to 
break one of the glass plates on which the jars rested, as occurred in experiment 32, was 105 milli- 
metres. From this it may be inferred that at times a greater negative pressure existed than that 
noted in the last experiment. Such extreme negative pressure as was found necessary to break a 
glass plate 45 x 45 x 0.6 centimetres could only occur upon the entire arrestation of the air-current 
from some accident to the apparatus. Under ordinary circumstances we do not believe that the 
amount of negative pressure differed to any extent from that found in the last experiment. 

The proportions of CO, and of O present at the time of death bear a constant relation to 
each other in the different experiments. ‘The duration of life in each instance was dependent 
entirely upon the rapidity of the air current circulating through the apparatus. This statement, 
however, requires further explanation. If the average rate of ventilation per hour for an entire 
experiment is taken, it will be found to vary considerably in the different experiments. This is 
evident when it is stated that in experiment 7 the rate had been 9.8 litres per hour up to the time 
of the death of the animal in the third jar; in experiment 8 the rate had been 3.8 litres per hour 
at the death of the fifth animal ; in experiment g the rate had been 11.9 litres per hour at the death 
of No. 5; at the death of No. 3, in experiment 14, 10.2 litres per hour ; at the death of Nos. 3, 4, 
and 5s, in experiment 15, 3.45 litres per hour; at the death of Nos. 3, 4, and 5, in experiment 16, 
only 1.9 litres per hour ; at the death of No. 5, in experiment 19, 3.55 litres per hour. From these 
figures it will be seen that the average rate of ventilation per hour for an experiment is not the 
most important factor. By referring to the tables giving the details for each of the 33 experiments 
it will be noted that the rate of ventilation was frequently changed. It was usually increased con- 
siderably in the evening and again decreased the next morning Frequent changes in the rate during 
the day were also necessary, because it is practically impossible to get a perfectly steady current 
with the water pump. In carefully regulating the rate of ventilation, the lives of the animals were 
controlled at will, and it is upon the rapidity of the air-current toward the close of the experiment 
that the duration of life depended in each case. 

The rabbits used in the last “ Brown-Séquard ” experiment were weighed at the end of the 
experiment and their weight then as compared with their weight at the beginning of the experi- 
ment was as follows : 

No.1, before 820 g., after 1052 g., gain 232 g. 


“ “ “ “ 


2, goo £., 1055 8. 155 &- 
“3 “ or7g, “ atg0g, “ 2736. 
Oe OS Trac) OAM e OSGI 7Olg: 
“5, “ xz2e20g, “ 13528, gain 132g. 


“6, “ 1665g, “ 1544¢., loss x21 g. 
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At the death of No. 4, six days after the close of the experiment, the loss in its weight was 
found to have been caused by the presence of psorosperms in its liver. This organ was literally 
filled with masses of these bodies. The loss of weight in No. 6, in the absence of any other 
observable causes, may be safely attributed to its position in the series of bell jars, and, therefore, 
to the impurity of the atmosphere which it breathed. The estimations of the proportions of CO, 
and of O present in this bell jar, as found from day to day, denote atmospheric conditions that 
were undoubtedly unfavorable to the full performance of its bodily functions, It ate less rave- 
nously than the other animals and was frequently in a stupid, drowsy condition. 

At the close of this experiment an examination of the blood of these rabbits was also made 
and the proportion of corpuscles per cubic millimetre determined with the Thoma-Zeiss hamo- 
cytometer, with the following results : 


No. 1, 5,170,000 red, and 24,000 white per cubic mm. 


Bmn2 a7, COON ee 2000 bs | 3 “ 
og LSineyeyele) “ik Wereyey Ms ss 
mAREANTIGKOCON y= sTIO,O00! = ss sf fe 
ae Bt 4,950,000 “ “ 15,000 ae “cc “ “ 

“ “ “ce “ 


inO, 14a 377/E S000) ie |) T0000 


Here again there is evidence that the conditions existing in these bell jars were injurious to 
some extent ; most so in the last jars. No. 4 presents evidence of an influence more serious in its 
nature than that presented by the other animals, and this has since been found to have originated 
from causes within its own body. 

Microcytes were noted in the blood of these animals. These immature corpuscles seemed to 
be more numerous in Nos. 4, 2, and 1; the blood of the other animals presenting only a few of 
these bodies. 

Thirty-eight days after the termination of the experiment a second examination was made of 
the blood of the five remaining animals, with the following results : 


No. 1, 4,400,000 red, and 20,000 white per cubic mm. 


Benz" ANC OO'OOO) Ne lia) 815,000! ark) oe oe ss 
“ Bh 5,160,000 “ “ 30,000 ce “ “ “ 
“ce Ee 4,960,000 “ “ce 30,000 ae “ee oe “ 
“ 6, 5,890,000 “ “ 20,000 “ce “ce “ee “ 


The first and second animals showa slight reduction and the third and sixth an increase in the 
number of corpuscles. No microcytes or blood-plates were noticed this time. 
The weight of these animals at the time of this second examination of the blood was as follows : 


No. 1, ro4og., lost 12 g., since close of experiment. 


“ 2, 1045 g, “ Io ih ae “ “ce iz? 

“ce - “c ia “ce “ce 
3, 1265 g., gained 75 g., 

“ce “ “ a“ “ “ce 
5, 1405 &: 53 85 

“ is “ce “ce “ “ “cc 
6, 1545 g., Tees, 


The loss of weight in the first and second animals may be due to the change of food. The 
gain in the others is no doubt due to the better atmospheric conditions under which they are now 
living. 








yay os ae be 


60 THE COMPOSITION OF EXPIRED AIR, 


Post-mortem examinations of a number of the animals dying in the “ Brown-Séquard ” experi- 
ments were made with the greatest care. ‘The organs were preserved in alcohol and mounted in 
celloidin for the microscopic examination. The gross appearances presented by the animals showed 
a constant similarity to the appearances noted in the animals used in the experiments with artificial 
gaseous mixtures. The constant appearances noted were those of intense venous engorgement of 
all the organs and tissues. The heart cavities contained firm, dark clots of blood, filling both 
auricles and ventricles, those on the right side being usually much larger than those on the left. 
No inflammatory changes or serous exudates were found in any instance. 

Microscopic examination of the organs presented no constant feature aside from the manifesta- 
tions produced by the cause and mode of death. Engorgement of the blood vascular system was 
noted everywhere with usually some degree of infiltration in the lung. No degenerative changes 
were constantly present. Those found in isolated cases—such as a slight increase of connective- 
tissue elements between the tubules of the kidneys and about the glomeruli, and small areas of 
proliferation of connective-tissue elements in the liver—cannot be safely attributed to the experi- 
ment, ‘This opinion is strengthened by the short duration of the experiments, and it is probable 
that the changes were due to ante-experimental causes. 

The mode of death as observed in these experiments presented certain constant features which 
were undistinguishable from those produced by slow asphyxia under other circumstances. There 
was a period of excitement, followed, in the course of time, by a period of progressive depression. 
The breathing, at first rapid, generally became slower, with perceptible lengthening of the respiratory 
pauses, accompanied at a later period by marked expiratory efforts. Along with these respiratory 
changes was usually noted a progressive muscular weakness gradually deepening into paralysis of 
the posterior members. The animal moves about with evident difficulty, and finally sinks down, 
remains lying on the side or back, without any other movements than those of respiration. It now 
presents a comatose condition from which it cannot be aroused by striking the sides of the bell jar. 
Death usually ensues through the gradual lengthening of the respiratory pauses passing into an 
entire failure of respiration. In a small proportion of the cases, life becomes extinguished through 
one or two convulsive seizures. 


No. x. Brown-SEQUARD EXPERIMENT. 


Commenced at 5 P.M., March 2, 1894. Sparrows in x litre flasks. 4 in series. 


The + mark indicates the death of the animal. 








No. I. No. 2. No. 3. No. 4. 
i a ee Remarks. 
COs). 10) COs. | VO, Es. 10.4). COso1e 0; 
174 hrs. 48.5 litres aspirated each 
| hour; too rapid. 
ry fae Changed to 2.85 litres per 
hour. 
18} “ oS No. 3 died. Symptoms 
of CO, poison. 
1gt “ Experiment stopped. 
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No. 2. Brown-StqguarD EXPERIMENT. 


Commenced at 11.45 A.M., March 3, 1894. Sparrows in 7-litre bell jars. 5 In series. 

















No.1. 21g.| No. 2. 21 g.|No. 3. 21¢.|No. 4. arg. No. 5. 
ine || S————— at = a Remarks. 
CeeOn eos Os | COss|O, 1 CO,-|| 0. ||'COzs| 0. 
4} hrs. +- | 36.8 litres aspirated. No. 5 
died. | 
TOs ot: ID | a No. 4 died during night. 
Others lively. 
oe No. 3 still comfortable. 
oH bees ele No. 3 died. 
29: “ + + Nos. x and 2 dead. 
4st“ 2.85 |16.99 | 5.01 |15.65| 6.07 |12.63 | 7.36 |13.40| Examination of air after 
death of each bird. 





























No. 3. BrRown-S&QuARD EXPERIMENT. 


Commenced at 12.15 p.M., March 5, 1894. Sparrows in 7-litre bell jars, 5 in series. 


No. 1. 22g. | No. 2. 19g. | No. 3. 27g. | No. 4. 26 g. | No. 5. 25 g. | 
= | Remarks. 

















Time. 
CO MOUaLCOM On |'COS.|' 0; |:CO%z.| “0. || CO, | 7o! 
20} hrs. | - Current rr.6 litres per hour. 
zi < Current reduced; now 6 
litres per hour. 
2Oun + | No. 5 died. 
Nos. 3 and 4 dead. 
295 at + Experiment stopped. 


No. 4. Brown-SEQUARD EXPERIMENT. 


Commenced at 9.30 a.M., March 7, 1894. Sparrows in 7-litre bell jars. 5 in series. 








| 
No. 1. 21 g.| No. 2. 22g. | No. 3. 23 g. | No. 4. 25 g.| No. 5. 21g. 


Time. Remarks. 














COM MMOnEGOs|) “O; | COs4| O- | COx|| Os |CO,. | 10: 
| 
13% hrs. + + BIE aa + “al the birds are dead. No 
| record of amount of air 
aspirated. 


Examination of air after 


14.30 |4.485 |14.01 3.635 | death 
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No. 5. Brown-SEQUARD EXPERIMENT. 
Commenced at 6 p.M., March 8, 1894. Sparrows in 7-litre bell jars. 5 in series. 
No. 1. 21 g.| No. 2. 21g. | No. 3. 26g. | No. 4. 22g. | No.5. 25 ¢. 
ine. Se SS nl Soa ate ho eT Remarks. 
CO, | "0. "| »CO.- 120% co,.| O5.||'CO,3|0.- | GOun| ao: 
——|—_ [ean 2 ee eh) 
14} hrs. | + + | | + | + | Nos. 3, 4, and 5 dead. 
18} “ ; No. 2 died. 
2am | + No. 1 died during night. 
10.83 6.93 |13-545/3-755 |13-25| 4-35 |13-78 3.465 14.195/3.965 Examination of air after 
eath. 
7 | | | | 
No. 6. Brown-SfQuarD EXPERIMENT. 
Commenced at 8.45 a.M., March 12, 1894. Sparrows in 7-litre bell jars. 5 in series. 
| No. 1. 23 g. | No. 2. 23 g.| No. 3. 23g. | No. 4. 23 g. | No. 5. 27g. 
Time. | =F | == Remarks. 
GOsal Os CO;.| Os |-GOs4} 0! co,.| On COs ILO: 
} : | 
8 hrs. | | CO, absorbers. Absorbers 
. 13-77 | 4.06 | 8.02 3-97 changed, saturated. 
Nos. 3, 4, and 5 are greatly 
| oppressed. 
| All are alive. 
83“ | Experiment terminated. 
| | | | 
No. 7. BROWN-SEQUARD EXPERIMENT. 
Commenced at 9.15 A.M., March 13, 1894. Sparrows in 7-litre bell jars. 5 in series. 
No. 1. 23 g. | No. 2. 23 g. | No. 3. 23g. | No. 4. 23g. | No. 5. 27 g. 
Time. —————————— CT Remarks. 
Oz.) O; | CO, “O44 CO,-| 2.0: COs Ose meO,.) | O- 
| 56.6 litres aspirated. 
5} hrs I.11 19.22 1.49 |17.42 | Absorbers acting. 
“y + No. 3 died. Nos. 1 and 2 
| much oppressed. Experi- 
ment continued. 
8h 2.02 |19.20| 4.77 14.23 84.9 litres aspirated. 
Nos. 1 and 2 died. 
8} + + Nos. 4 and 5 still unaffected. 
Experiment continued. 
169.8 litres aspirated. 
Nos. 4 and 5 well. 
22 “ | Experiment terminated. 
26000 & Nos. 4 and 5 well. 
26} 12.39 | 4.155| 3.08 17.29| 2.61 |17.78| Examination of air after 


ony | 











| death, 
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No. 8. Brown-SftquarpD EXPERIMENT, 


Commenced at 3.45 p.M., March 14, 1894. Sparrows in 7-litre bell jars. 5 in series. 



































Novi. 29/9. | No. 2. 23 ¢. | No. 3. 27 ¢. | No. 4. 26g.| No. 5. 27¢. 
Te, = ae = Remarks. 
€O,:| 0. | CO,.| 0. | Co,.| 0. | CO,.| 0. | Co,.| ©. 
| 106 litres aspirated. 
Towels: birds all well. 
19t “ | 4.28] 7.73 |4.52 | 7.12| Nos. 3 and 4 showing signs 
203“ | | of oppression. 
BO) ae | 4.82| 5.01 |3.27 | 3.95| No.5 most affected. 
No. 5 died. 121.75 litres 
git. ase | ate | aspirated. No. 4 quitesick. 
Nos. 3 and 4 died in night. 
| + | -E 141.5 litres aspirated and 
| experiment stopped. 
474“ | 8 56 pas 0.96 |10.06*|2.875 | 3.56 ee of air after 
eath. 








No. 9. BROWN-SEQUARD EXPERIMENT. 


Commenced at 11.30 A.M., March 16, 1894. Sparrows in 7-litre bell jars. 5 in series. 





























Nomi.) 201g. || No: 2. 23.¢. | No. 3. 26g: | No. 4. 24/g¢. | No.5. 24 ¢; 
Time. Remarks. 
COMBO W IKCO.s) ©. | CO;.\|| O% | CO,..|0. | CO,.. |: 

44 hrs. .001036|13.37 |.001047/12.67 | CO, absorbers. 39.6 
litres aspirated. 

6k “ Current increased. 

290 litres aspirated, or 
eZine | 13 litres per hour. All 
1.29 |16.41, 2.01 |14.92| are well. ; 

2a 357.9 litres aspirated. All 
birds well. 

30 a ae + | All: died during night 
See practically 
nil). 

463 “ 18.01] 1.51 | 16.68 |0.468| 13.065|2.545 See of air after 
eath. 














* These air analyses were made several hours after death, and considerable alteration must have occurred through 
ventilation in the interval. 
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No. 10. Brown-SE£QUARD EXPERIMENT. 


Commenced at 9.15 A.M., March 20, 1894. Sparrows in 7-litre bell jars. 5 in series. 



























































| No. 1. 28g. | No. 2. 23 g. | No. 3. 27g. | No. 4. 27g. | No. 5. 24g. 
Time. |——— —____—_ | ——__——_ Remarks. 
| COs.| ©. | COz.| 0. | COy.| 0. | CO. | O. | COs.| ©. 
| 
3 hrs. | | CO, absorbers: all are 
3¢ 3.08 |12.24' 6.73 12.11| slightly oppressed. 
see | 4.27| 7-34| 2-61] 9.04 
a 5:22 oe 2.86 | 7.50 
2S 6 i 4; 74 
Siaeas | area ails Current increased for the 
| night. 
25.5 litres aspirated. All are 
somewhat oppressed. 
aa 1.114 16.49 0.503 15.79| All are lively. 360.8 litres 
aspirated, current reduced. 
24t “ 3.23 |12.46| 1.20|t4.02| Becoming oppressed. 
25} z | 5.60| 9.74| 3.60} 9.88 
26} p. 8.28 | 8.65} 5.27| 9.14 
27t | 7.82] 5.65) 5.11| 7.71 
28t “ 9.08 | 3.13) 6.20) 6.84| All are very much op- 
2g} = 9.5t| + | 6.34] 5-59| pressed. 
30} ‘ 9.42! 4.07| 6.42) 4.86| No. 4 died. 
an + + | Nos. 3 and 5 died. 
o No. 2 died. No. 1 released. 
Revived ; exp. stopped. 
324 “ | Pate 14.34 |4-775 |10.965 3.50 10.54 3.77 ee of air after 
| eath. 











a 
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No. tr. Brown-Stquarp EXPERIMENT. 


Commenced at 11.45 A.M., March 22, 1894. Sparrows in 7-litre bell jars. 5 in series. 


No. 1. 28¢.| No. 2. 20g. | No. 3. 20g. | No. 4. 25 g.| No. 5. 26 ¢. 
Time. Remarks. 
COs O: COP On | COs: oO. COPA MOne | [COn Oo} 











34 hrs. 1.41 14.20] 0.96|12.98| CO, condensers. 
i No. 3 died. Replaced by 
Bhs 4.86 |13.965 a fresh bird, weight 29 g. 


Experiment continued. 
2.06 |11.06] 1.28|11.30| 34 litres aspirated. 
Current increased. 








zoe “ 152.8 litres aspirated. 
BiTD ges 1.40 |12.92| 1.99 12.76 82 litres per hour during 
: night. 
Boat 1.83 12.02] 5.19] 9.07 Current reduced. 
2.16 tr.11| 6.39) 7.90 All somewhat oppressed. 
2a 2.48| 9.45 | 7-30| 6.23 rT 
2a ict ++ No. 4 quite sick. 
Dieters 2.79) 9.34| 7-70| 5.65 | No. 4 died. Nos. 3 and 5 
show great oppression, 
26) “ 6.93 | 4.86 
Die | | 6.465 | 4.29 
+ | No. 5 died. 
28 6.76 | 3.53 ; : 
28i “ : + No. 3 died. No. 2 much 
oppressed. 





8.5 litres aspirated last 9 
hrs. Exp. stopped. Nos. 
rand zdied during night. 

14.825] 4.29 |15.09| 4.30] 3-49 |9.545| 8.31 |3.395 | Examination of air after 

death. 
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No. 12. Brown-S£QUARD EXPERIMENT. 


Commenced at 3.45 P.M., March 24, 1894. Sparrows in 7-litre bell jars. 5 in series. 


No. 1. 24g. | No. 2. 25 g.| No. 3. 26g.| No. 4. 27g. | No. 5. 25 8. 























revived. 543.5 litres aspi- 
rated. 

Examination of air after 
death. 








4-77 3-412 |4.293| 3.36 3.729 3-449 
| 


Time. |——————- - i Remarks. 
.e0,.1 0. [iCOy.| Of" |(COs| “OR Reo.) as WieGnl, Ouy 
| 31 litres aspirated Current 
2 hrs. | slightly increased. 
| 334.5 litres aspirated. 
coe | All lively. Ba(HO), ab- 
204 “ sorber renewed. 
_ 469.75 litres aspirated. 
got “ | Nos. 3, 4, and 5 oppressed. 
42) 5.018 |5.947 2.264 6.436 486.75 litres aspirated. 
43+ “ 3.457 |5-887 |1.577 | 4.08 | Current reduced. 
44h . 4 No. 5 died. 
46} “ | + No. 4 died. 
anbe | ae No. 3 died. 448.75 litres as- 
pirated. No. 2 oppressed. 
OO Nos. 1 and 2 oppressed, 
No. 2 most so. 
65; “ Experiment stopped. Both 








ih 
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No. 13. Brown-SkQUARD EXPERIMENT. 


Commenced at 12.45 p.M., March 27, 1894. Sparrows in 7-litre bell jars. 5 in series. 

















No. rt. 24°g. | No. 2. 25 g. | No. 3. 26g¢.| No. 4. 25 ¢.| No. 5. 25 ¢. 
ee | - es Remarks. 
CO..| @; || COn. || O5 WCE CH CON Os lov, | CO), 
3 hrs. 8 litres aspirated. Cur- 
| rent reduced. 
2 35 litres aspirated. 
ata, | T.12 |14,565) 0.676 |1 3.636) 
Sa 53 litres aspirated. Cur- 
rent increased for night. 
2of “ 4.00 |11.279 2.827 |10.556 249 litres aspirated. 
| All lively. 
2a 4.00] 8.279] 3.29| 7.055 | Nos. 3, 4, and 5 becoming 
Baie | oppressed. 
25a 4.644] 6.145 | 3.76| 4.524 | Al! are much oppressed. 
264 “ 1.655 | 7.085 | 1.054] 5.80| Current slightly increased. 
28h “ | 307 litres aspirated. Cur- 
rent increased for night. 
B28 523 litres aspirated. All 
are well. 
444 “ 4.477 | 11.94 | 2.468 |11.974) 566 litres aspirated. Leak- 
464 “ age, meter changed to 
other end of bell jars. 
ATT ee ; 5-365 9.365 3.518] 8.60 All showing signs of op- 
pression. 
AT 4-609| 8.45 | 3.041 | 7.794 
48f © 4-113 | 7.498) 4.03) 5.95. 
49¢ © 4-938 | 5.508| 4.25] 4.54 | 
50 4-932 | 4.545 | 6,327 | 3.894 | : 
Sia oe -- | No.5 died. 
Bal + + Nos. 3 and 4 died. 
BAL =f No. 2 died. No.1 released. 
saz “ Experiment stopped. : 
14.746|2.186 |13.92 |3.912 6.4875 3.4395 Examination of air after 
death. 





















































































68 
Commenced at 12 M., March 30, 1894. Mice i in 7-litre bell jars. 5 in series. es. 
No. 1. 19.5 g.| No. 2. 20g. | No. 3. 27g.| No. 4. 19g. No. 5. 27g: 
Tine. |~—— |_| ee esFS 
€O;: | “0. }CO,. |- 0: GOsa| 2 Or, (GOs) 
5 hrs ' 
pre 
aie .278 13.699 .645 14.76 | 157 litres. 
22t “ 1.799 14.58 | 2.034, 13-66 | No. 3 is 1 
pressed. 
z40 Tg 3.67 | 11.11 | 3.357) 10.268 1614 litres asp ra 
26} 3.25 | 10.143 3.068) 9.30 | Nos. 3, 4, and 
oppressed. rf 
274 2.975 9.213, 2.777, 8.908 rt 
28y “ 2.495 8.06 | 2.013, 5-656 
29 “i ; i 
30 1“ 166 litres 
Ao? 393 litres a 
* still oppress 
reduced. = 
694 “ + | 413 litres asp irated. No 
5 died in oa 
very sick. 7 
at, hae at No. 3 died. _ 
74 “ 414 litres aspirated. — 7 
atts No. 4 died. ‘s 
43, 415.5 litres aspirated. *. 
76“ 12.40 3.53 |5.476) 3.277 | 7-176 4.53 | Aspiration stopped. 417 
litres aspirated. 5 
Examination of air after. 
death, aa 
¢ 
| 
\ - a 
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No. 15. Brown-SéquarD ExpEeRIMEN’, 





Commenced r2M., April 2, 1894. Mice in 7-litre bell jars. 5 in series. 





No, 1. 19.5g.| No. 2. 17g. | No.3. 18g. | No. 4. E7ie. || INOws.. mee 






































| ae ea Remarks. 
wore mOwiliscO.» |O. | CO,. | 0. (eos Oe |kCOy- tuo: 
| 
‘15 hrs. 3.839] 15.356 8.671) 8.671 2 litres aspirated. 
a 7-865) 9.55 | 6.39) 5-534| 5-75 Leakage. 
17 7-41) 5-357| 9-93 | : P 
rope oe 7.69| 5.38 | 6.45 | 9.248 5.0 litres aspirated. 
19t “ 5.5 litres aspirated. 
a1gt “ 17 litres aspirated. 
22 19.5 litres aspirated. 
Current increased. 
Ze tog litres aspirated. 
Bon ae 1.765] 13.84] 1.78 | 14.39 
AGe,  |h- 2.40 |13.16| 2.39 | 12.517 
are 3.72 | 12.51] 3.717) 1t.639 
422 “ 3-867] 11.22] 5.048) 10.00 
44 0 | 5-05 | 9-53|5-57 | 8.406] 
45¢ “ 5.17 | 9.79| 3.78 142.5 litres aspirated. 
462 “ .... | 142.5 litres aspirated. 
“ | 
a s 6.845) 8.60 | 1.98 | 6.06 | All somewhat  op- 
63¢ “ 7-49 |7.67 | 2.35 | 4.70 | pressed. 183 litres as- 
pirated. 
644 “ 7-29 |7-29 | 3-03 | 3.98 | 185 litres aspirated. 
6sg “ 7-40 |6.37 | 3.59 | 3.96 | All considerably op- 
664 “ 7-75 |5.86 | 2.92 | 3.86] pressed. 
674 “ 7.319] 6.178) 3.26 | 3.58 
683. “ 7-27. | 6.04 | 3.43 | 3-33 | 
694 “ | Si2z Wis=ro) 33563" ||) s2ani5 
jot 8.25 | 4.78 | 4.00 | 2.96 | 
pice 7-61 |5.39 | 3-44 | 3.25 | , 
aig Current increased ; 
189.5 litres aspirated. 
All much oppressed. 
862 “ | 3.60 | 12.93| 2.35 | 13.65 | All quite lively; 367 
litres aspirated. 
; All absorbers renewed. 
87f “ 5-248] 12.58) 3.19 | 12.77 
884“ 5-456] 12.32| 4.14 | 12.15 : 
8q4 “ 7.47 | 10.34|5.465| 10.546) All absorbers acting 
poorly. 
got “ 7.66 |9.875| 6.22 | 9.707 
oak = 8.37 |9-335| 6.346) 9.519 
934 “ 9.17 |8.508| 7.66 | 8.141 
oe ‘ oe ee oe res! 73 litres aspirated 
: : Bi A 1 : 
954 ; eee i Curren slightly in- 
creased. Fi 
a ai + | Nos. 2, 3,4,and 5 dead ; 
ee . ie 382 litres aspirated. 
Experiment stopped. 
1104 “ 10.939] 6.52, 12.60 4.55 | 12.28) 3.93 | 12.31) 4.86 | Examination of air after 
death of mice. 
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No, 16. Brown-SEQUARD EXPERIMENT. 


Commenced at ro a.m., April 9, 1894. Mice in 7-litre bell jars. 5 in series. 





No. 1. 7g. | No. 2. 15 g.| No. 3. 18g. No 4. 25g.| No.5. 19g. 


























Time = | — Remarks. 
| CO,. |, |'CO,.}. O. | /CO§.2|| 10.-, | COge Oo CGae nee 
je ee ES ee ee eS —a 
74 hrs. 7.5 litres aspirated. All 


| 
oppressed. Current  in- 
creased. 
81.5 litres aspirated. 
Current reduced. 
| 86 litres aspirated. All ex- 
cept No. 1 oppressed 


| 
| 
22} oe 
| ‘ 
| Current increased. 





3, 4, and 5 died in night. 

The experiment stopped. 

16.317) 3.80 | 13.30 4.02  12.05| 5.437, Examination of air after 
death. 


| ah + | + | 90.5 litres aspirated. Nos. 
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No. 17. Brown-SkQguaRD EXPERIMENT. 
Commenced at 12 m., April 11, 1894. Mice in 7-litre bell jars. 5 in series. 
INOmte 72> || INOs2) the.) No: 3..16.g. | No.4. 23g. | No.5. 17 ¢. 
aa ® | Sai a ae ——- Remarks, 
RommomneO. |" (Or. :CO,. || O; (COs. | °0.-'| COg.210. 
patie | 9.5 litres aspirated. All 
slightly oppressed. Cur- 
rent increased. 
an 47 litres aspirated. Cur- 
rent reduced some- 
what. 
53.5 litres aspirated. 
| All oppressed ; current 
again increased, 
44} “ 122.5 litres aspirated ; all 
| lively again. 
pots 13.48 | 8.80 | 12.118] 8.325] 
a3 12.129] 7.067| 12.645] 7.41 
Ss 131.5 litres aspirated. 
All more or less op- 
ot pressed. Current in- 
creased. 

179 litres aspirated. All 
lively again. Current 
considerably reduced. 

684 “ 11.346| 7.88 | 12.78 | 6.92 
694 rs 12.09 | 7.38 | 12.75 | 6.519 
714 ; 12.007| 7-49 | 13.35 |5-76 
724 ¥ 13.66 | 6.256] 14.285] 6.405 
2 15.13 4-50 || 05-13) |4.30) | 
15.08 | 4.13 | 15.26 | 3.86 
3 15.613) 3-83 | 15.93 |3.47 | 186.5 litres aspirated. 
Current increased. All 
oppressed. 
293.5 litres aspirated. All 
. are lively again. 
Current somewhat re- 
duced for the next 24 
G hours. 
“ 10.919| 7.00 | 11.11 | 6.536 
1183 a 10.919) 7.08 | 11.73 | 7-00 
11.068] 6.297| 11.74 | 5.68 
a 
1213 A In.1r | 5.465] 12.535] 5.22 
12eh « 12.63 | 4.689] 12.737] 4.94 ’ 7 
es 12.65 | 4.506| 13.08 | 4.17 | ( 360.5 litres aspirated. 
12.989] 4.29 | 13.96 | 3-77 All show consider- 
Tarp.“ a able depression. 
i. b Mice are much op- 
v c pressed. The ex- 
s d periment is now 
ae c stopped. All revived. 
364.5 litres aspirated. 


























ae 


white 


“ 


Fresh house mouse placed in No, 5 jar. 


ve “ce ce 


5 “a 
5 ““ 
4 “ 
3 


a 


Died in two minutes. 
Lived to end of experiment. 
Died in half a minute. 
Died in half an hour. 
Died in six minutes, 








[ee 


= Se Se ee 


Sa 


~T 
lo 


COL Os ioe, 


Time. 


49t * | 11.34 
50} os ; 12.21 
524 | | 13-15 





= 


564 12.94 














eae | 


a Fresh house mouse in No. 5 ; died in one minute. 


b No. 5 of Experiment 16 in No. 5; died in one minute. 


c White mouse, used in Experiment 16, in No. 5 ; remained alive to end of experiment. 
d White mouse, used before, in No. 4; remained alive to end of experiment. 


¢ House mouse (fresh) in No. 4; remained alive to end of experiment. 


f House mouse (large) in No. 4; died in two minutes. 


No. 3, 23 g. No. 4,25g- | No.5, 31g. 
= eee Remarks. > 



















oO. 


oO. +) Coy. 











8 litres aspirated. All 
slightly oppres 
Current increased. 

133 litres aspirated. ie 

are lively: — 

159.5 litres - aspirated. — 
} Current continued. 
21g litres. All are more | 
or less oppressed | Cake 


4 


8.93 |12.897| 7.12 


7-25 |13-77 | 5-66 ae 
6.278\14.479| 4-944 ot 
a 5 
b 7 ou. 
c } 


6.945/13.945 5-46 é 
Experiment stopped 


living; also white 
mouse placed in No.5, 
and small gray mouse 
in No. 4, as well as 

mouse d. ; . 


AND ITS EFFECTS UPON ANIMAL LIFE. 73 


No. 19. Brown-SkQuARD EXPERIMENT. 





Commenced at 10.30 a.M., April 20, 1894. Mice in 7-litre bell jars. 5 In series. H,SO, absorber. 


Wosties. i) No: 2, 7g | No.3, 72. Wondy aig. | Nous) 33:8. 
Time. 2 : | E 











Se are Fi | a2) (oF SE ae | Remarks. 
Ome Om CO, (0.- | CO;,,| 0. || Co, | oO. || cO,.| 0. 
6hrs. 18.5 litres aspirated. All 
Bi : show oppression. 
23 133.5 litres aspirated. All 


oppressed, Current re- 
duced slightly. 























eoF | 7-627)11.71610.58 | 8.226 Current the same. 
30 | 8.568|10.029|10.69 | 7.418) 144 litres aspirated. All 
are oppressed.  Cur- 
2 | rent increased, 
aN 213 litres; current the 
same. 
474“ 306.5 litres. All are op- 
| pressed. Current re- 
Pe duced. 
ioe 9-637] 9.73 |11.238) 7.809 
7 ti 9.62 | 9.15 |11.258] 7.2338] : z 
785 324 litres aspirated. Cur- 
rent increased. 
794“ 406 litres aspirated. Cur- 
; rent reduced, 
943" 587 |Es.22 | 7270) lene267 
954 |, 9.159) =— |10487 ||) 7.40 ' : 
102} 421 litresaspirated. Cur- 
rent the same. 
1034“ 428.5 litres. Nos. 3, 4, 
: and 5 are very sick. 
1183 “ a 
r8h b 
Il Cc 
1183 “ d 
1183 “ + | No. 5 died. 
TSO os The others are very sick, 
P especially No. 4. 
120} Tete 4235 TAR . 816 
1214‘ ST SA eeu : No. 4 died. Experiment 
| stopped. Others soon 
revived, 




















a No. 4 of last experiment placed in No. 5 jar; died in two minutes. 
b White mouse, used in Experiment 17, placed in No. 5 jar; died in two and one-half minutes, 
c White mouse, used in Experiment 17, placed in No. 4 jar; died in three and one-half minutes. 


d Small mouse, used in Experiment 17, placed in No. 5 jar; died in one minute. 





—— — 
> Se : — ea 
» x - 
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Nos. 20-28. Brown-SEQUARD EXPERIMENTS, ood 


Commenced at 2.30 p.M., April 25, 1894 ; ended at June 5, 1894. Mice in 7-litre bell jars. 
i 


5 in series. 








' | | 
No. 1, 7g. | No. 2, 15 g. No. 3, 18 g. | No. 4, 25g. | No. 5, 19 g. | 
—_ — | iaihe 





a : | Remarks. 
O25) /CO,.)) Oc |Get "Ox | 


Time. 





oO. | CO,. 


\ 








9 litres aspirated. Current con- 
tinued. ; 

'87.5 litres aspirated. All com- 
fortable. 

94.5 litres aspirated. All 
slightly oppressed. Current 
increased. 

'139.5 litres aspirated. All de- 

_ pressed. Current reduced. 

147 litres aspirated. Consid- 
erably depressed. Current 
increased. 
| 324-5 litres aspirated. All 
lively. Current reduced. 
332 litres aspirated. Current 
continued. 
+ a |355 litres aspirated. No. 5 
| died; No. 4 greatly de- 
pressed. 


oo j } 


i. litres aspirated. Experi- 


: | 
| 








| 
| 
| 





ment stopped ; all soon re- 
vived. 





Continued as Experiment 21, after intermission of two days. May 1, 1894. 





| Fresh mouse in No. 5. 
26 litres aspirated. All lively. 
Current reduced. 
(145.5 litres aspirated. Current 
| the same. 
\160 litres aspirated. Current 
increased, showing depres- 
| sion. 
| 341.5 litres aspirated. All. 
| | lively again. Current re- 
| duced. 
351.5 litres aspirated. De- 
pressed. Current increased. 
68 “| 459 litres aspirated. All more 
| comfortable. Current re- 
duced. 
72 466.5 litres aspirated. Experi- 
| ment stopped. 
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Continued as Experiment 22, after interval of three days, May 7, 1894. 





12 litres aspirated. All slightly 
| oppressed. Same current. 
68.5 litres aspirated. All con- 
| siderably oppressed. Same 
| | current, 
76.5 litres aspirated. All much 
| | oppressed. Current in- 
| creased. : 

202.5 litres aspirated. Current 

reduced slightly. 

2225 litres aspirated. Cur- 

"rent the same, 
| +b | \243 litres aspirated. No. 4 


| died in the night ; others op- 
pressed. 
c 


| 

, 248.5 litres aspirated. Experi- 
| ment stopped; all soon re- 
\ 











vived. 








| | | 


Continued as Experiment 23, after interval of three days. May 11, 184. 





be also No. 3. 
| Experiment — discontinued ; 
soon revived. 





| 4 '18 litres aspirated. Four mice 
| placed in No. 4. 
ae 89.5 litres aspirated. Two 
| ae | | mice in No. 4 are dead; re- 
, moved, 
| 109.5 litres aspirated. ‘ 
| | 122. 5 litres aspirated. 
|147.5 litres aspirated. 
+ + | 148 litres aspirated. Two re- 
+ maining mice in No. 4 died ; 




















Continued as Experiment 24, after interval of two days. May 16, 1894. 





| Fresh mice in Nos. 3 and 4. 
22.5 litres aspirated. Cur- 
rent continued. 
| 121.5 litres aspirated. All 
lively. 
211.5 litres aspirated, All more 
or less oppressed. 
276 litres aspirated. All more 
or less oppressed. 
_ |325 litres aspirated. All more 
or less oppressed. 
341.5 litres aspirated. Consid- 
erably oppressed ; experi- 
ment stopped. 
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Continued as Experiment 25, after interval of two days. May 21, 1894. 


103.5 litres aspirated. All much 


| 
| 
oppressed ; same current. 
130 litres aspirated. All much 
oppressed ; same current. 
45 198.5 litres aspirated. All 
| 
much oppressed ; same cur- 





rent, 
765s5 litres aspirated. All 

much oppressed ; same cur- 
| rent. 





323.5 litres aspirated. All 





much oppressed ; same cur- 





| rent. 
| 340 litres aspirated. Experi- 











ment stopped ; all soon re- 
vived. 








Continued as Experiment 26, after interval of one day. May 25, 1894. 


a ee es | { 
| 4.5 litres aspirated. All de- 
pressed ; current increased. 
i litres aspirated. All de- 
| pressed ; same current. 
392.5 litres aspirated. Sunday 
| between. 
394.5 litres aspirated. Experi- 
| ment stopped ; all soon re- 
| | vived. 





Continued as Experiment 27, after interval of one day. May 29, 1894. 








4 hrs. 5 litres aspirated. Show op- 
pression ; current increased. 
20} “ 69 litres aspirated. Current 
reduced. 
243 “ 74 litres aspirated. Much op- 
| pressed ; current increased. 
274 “ '77 litres aspirated. Current 
again increased. 
146 litres aspirated. More 
lively ; current reduced. 
52 “ 152.5 litres aspirated. Current 
increased. 
68} “ 301.5 litres aspirated. Current 
reduced. 
75 317 litres aspirated. Experi- 
ment stopped ; revived. 


“a 


444 





























4thrs. 
21} “ 
45 
525 
68} “ 


75 
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Continued as Experiment 28, after interval of one day. June 2, 1894. 


| 
| 


| 


| | 


a No. 1 of Experiment 17 placed in No. 5; died in one-half minute. 
b No. 3 of Experiment 19 placed in No. 4; died in three minutes. 
c No. 2 of Experiment 17 placed in No. 5; died in one minute. 


7 litres aspirated. Current 
| increased. 
5 litres aspirated. Same 


|134. 


current. 


a” 
22]. 


5 litres aspirated. Current 


reduced. 


258 





litres aspirated. Same 


current continued. 
| 395 litres aspirated. Current 


again reduced, 


434 


| 
| ment stopped ; revived. 
| 


litres aspirated. Experi- 














No. 29. BROWN-SEQUARD EXPERIMENT. 
Commenced at 5.15 p.M., June 5, 1894. Mice in 7-litre bell jars. 5 in series. 
No.1. 11 g.)No.2. gg.|No.3. 12g./No.4. 16g.|No. 5. 19 g. | 
Time. a a oes ————— as Remarks. 
COn| OW LCOm FO CO. On| COns |) cOn. ICO. y <0: 
16 hours. r2r litres aspirated. Cur- 
rent reduced; all are 
lively. 
24 e 129 litres. Current in- 
creased ; some oppres- 
sion. 

404“ 301.5 litres. Current re- 

duced. 

Aephe it 335-5 litres aspirated. 
Current increased ; some 
oppression. 

644 “ 451 litres. Current re- 

duced. 

70 i 10,51| 11.80] 7.45 | 5.80 

Weal | 460 litres. Current same ; 

some oppression. 

874“ 535-5 litres. Current 

much reduced. 

o4¢ 54t litres. Current in- 

creased; greatly op- 
pressed. 

96s“ 545-5 litres. Current 

same. 

mage) e ++ -+ | Nos. 4 and 5 died in the 
night. ; 

114 “ a | No.1 of last experiment 
placed in jar No. 5; 
remained alive. 

EEA b No. 2 of last experiment 
placed in jar No. 4; 
aliye. 

114 is c No. 3 of last experiment 
placed in jar No. 3; 
alive. 

: 11q4t 565.5 litres aspirated. 

Soy 567 litres aspirated ; all 
mice alive ; experiment 
stopped. 


















































. 
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No. 30. BrowN-SEQUARD EXPERIMENT. 
Commenced at 1.15 P.M., June 13, 1894. Guinea-pigs in 7-litre bell jars. 5 in series. 
a 
No. 4. | No. 2. | No.3. | No.4. No. 5. 
Time. <n ——— , — | - Remarks. 
Wt. 172 g.| Wt. 185 g.| Wt. 197 g-| Wt. 275 g- Wt. 287 g. | 
3 hours. Nos. 4 and 5 are oppressed. Cur- 
rent 24 litres per hour. 
184“ | + No. 5 dead. Great negative pres- 
sure. Fresh air supplied, and 
aieeC«S Wt. 555 | No. 5 replaced bya fresh guinea- 
pig. Experiment continued. 
Aah g. 60 litres per hour; all are lively. 
Bia Animals fed; bell jars cleaned. 
Animals replaced. 
Ge oo Mare Animals fed ; all well and dry ; 
60 litres per hour. 
o4¢ 7 Again fed; all lively and dry in 
| bottom of cages. 
r15z 30 litres per hour; Nos. 4 and 5 
__ oppressed ; animals fed. 
1223“ 8o litres per hour ; animals fed. 
139 | 80 litres per hour ; cages cleaned ; 
animals fed. 
148+“ 4o litres per hour; animals fed ; 
all oppressed. 
1632“ 50 litres per hour ; animals fed. 
171} | 50 litres per hour; animals fed. 
Virago | | 45 litres per hour ; animals fed. 
194“ + | No. « dead of cedema of lungs; 
experiment continued with 4 
animals. 
21m} 4 No. 3 died in night of oedema of 
lungs. Experiment continued. 
235“ Nos. 2, 4, and 5 living, but much 
oppressed. Experiment stopped. 











Experiment lasted g days and 20 hours, 





No. 5 died three days after close of experiment. 


No autopsy. 
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No. 31. Brown-SkQuarp EXPERIMENT. 


menced at 5-15 P.M., June 25, 1894. Rabbits in 37-litre bell jars. 5 in series. 
































ee aiNon ty. 1850 glo. 2. 1325 g.|No. 3. 1564 g. No, 4. 1408 g.|No. 5. 1647 yg. 
NG aaa =| =———|- os Remarks. 
oO. CO.., OwtCOs || O- kGOL. | O; Heh.) oO. 
| 
fe bots anes | 
| 60 litres per hour aspi- 
| rated, 
34 litres per hour; some 
oppression. 
| + ae Nos. 2 and 3 died in 
| the night. Experiment 
stopped. 
| | PI 
No. 32. BROWN-SEQUARD EXPERIMENT. 


Commenced at 10.15 A.M., December 4, 1894. Rabbits in 37-litre bell jars. 6 in series. 


























No. I. No. 2. No. 3. No. 4. No. 5. No. 6. 
2185 g. 1945 g. 1965 g. 2025 g. 2500 g. 3043 g. 
Remarks. 
SOM COs ©, |COs:|1O; (COs. O. |COn |) ©. |:GO,a| 0: 
% % i % | % & 
3.91 115.87 | 5-33 |14.19| 120 litres per hour as- 
pirated. 
4.13 |14.47 | 5.08 [13.17 
4.13 |14.56| 5.02 |13.62 
5-55 14.67 | 6.17 |13.67 
4.18 |14.25 6.19 j11.32 
6.00 |14.19 | 7.21 |13.86 
4.13 |15.05 | 4.83 |14.00 
4.38 |14.74 5.88 |12.26 
6.10 |13.20| 7.17 |11.g0 
5.28 |13.90| 6.05 |12.40 
3-47 |15.46| 4.05 |13.83 
5-92 |12.82| 6.8z |r1.46 
5.81 |13.69| 7.38 |11.82 sat ee ‘ne 
the rabbits are 
+ 2 as a smothered except No. 
6. The glass plate 
under No. 6. broke 
during the night and 
arrested the aspiration 
of air through the 
other bell jars. 
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No. 33. Brown-SEQUARD EXPERIMENT. 


Commenced at 2.45 p.M., December 8, 1894. Rabbits in 37-litre bell jars. 6 in series. 





820 g. goo g. 917 g- 1125 g. 1220 g. 1665 g. 


1 
No. 1. No. 2. No. 3. | No. 4. No. 5. No, 6. 
es | é 5 
Time. : - - Remarks. 








co:.! 0. co, | 0, |CO,.| ©: |CO;4 0: < 
C428 1 Ro Rol Bee 


I | 8o litres per hour aspirated. 

2 | 3-01|16.03) 3.63/14.62) 

3 3.43]15-39 4.32 13.86) 70 litres per hour aspirated. 

4 | | Larger glass tubing used to 
_ connect the bell jars. 100 

litres per hour aspirated. 

1.39|16.68 1.61/15.51 


















































5 | 
6 1.58|16.27| 1.72 14.49, 
7 i 4.94/14.43, 4.88 13.86 
8 4.31/15.29 4.46'14.98) 
9 4.31/15.29 4.4614.98 Cages cleaned out; 148 litres 
} | per hour aspirated. 
10 2.51/16.69| 2.72,15.69 
II 3 
12 1.08/16.38) mcaieeel 130 litres per hour aspirated. 
13 2.37|16.11) 2.51/15.54| 
14 1.69|16.60, 1.99 15.43 
2 
1% | 1.75\16.55) me Cages cleaned out. 
17 
18 4.07|15.22| 5.24/13.88 
19 4-69|15.15 5-5313-74 
20 4-91|16.01, 6.16,15.46 
21 4.51/15.58| 5.85|14.00 
22 
ig 7.61|11.81, 7.75|11.63 Cages cleaned out ; 130 litres 
per hour aspirated. 
24 4.88]15.03] 6.32/13.63] 
25 5.58)/14.20 6.52/13.35 120 litres per hour aspirated. 
26 5.38|14.18| 6.31|12.73| 
27 6.84]14.00| 6.51/14.11, 125 litres per hour aspirated. 
28 6.68 13.26 6.69|13.00 
29 
30 6.26]13.71| 7-44/12.53 
31 4.89 14.87 7.01|12.74 
32 | 4.77) 15-38 7-59)12.62 [ ) 
33 6.39|13.37, 7-81/11.77, 110 litres per hour aspirated. 
34 4.23/15.76 7.40\11.14 
35 5.74|14.17, 8.02|11.69 Cages cleaned out ; No. 6 not 
well; due to filth. 
36 
37 6.67|13.55) 7-7012.45 No. 6 has fully recovered. 
38 4.42|14.44| 5.44/13.06) r1o litres per hour aspirated. 
39 5-29]13.51, 6.81|12.05 
40 4.86\14.88 7.90\12.54 
41 
42 5-74|14.45) 6.94/13-19 Experiment stopped. 
1052 g. | 1055 g. | 1190 g. | 1047 g. | 1352 g. | 1544 g. | Weight of animal at close of 
experiment. 

















ot 


—————— Ke  hh—™™OCSSS 





“ ae Ney BO. 


VAN GIMP AGM Crpnctcietagon cia cores sisioes Sislofolorare.c 14, 
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ADVERTISEMENT. 


The present memoir was submitted by Lord Rayleigh and Profes- 
sor Ramsay, in competition for one of the Hodgkins Fund prizes offered 
by the Smithsonian Institution in a circular dated March 31, 1893. 
The competition closed December 31, 1894; and on August 9, 1895, 
the Award Committee, having completed its examination of the 218 
papers submitted by contestants, granted the first prize, of $10,000, for 
a treatise embodying some new and important discovery in regard to 
the nature or properties of atmospheric air, to Lord Rayleigh, of 
London, and Professor William Ramsay, of the University College, 
London, for the discovery of “ ARGON,” a new element of the atmos- 
phere. 

The Committee was composed of the following members: Doctor 
8. P. Langley, Chairman, ex-officio; Doctor G. Brown Goode, ap- 
pointed by the Secretary of the Smithsonian Institution; Assistant 
Surgeon-General John 8. Billings, U.S. A., by the President of the 
National Academy of Sciences; and Professor M. W. Harrington, by the 
President of the American Association for the Advancement of Science. 
The Foreign Advisory Committee, as first constituted, was represented 
by Monsieur J. Janssen, Professor T. H. Huxley, and Professor von 
Helmholtz; and after the death of the latter, Doctor W. von Bezold 
was added. 

The memoir is here presented in the form in which it was sub- 
mitted to the Committee. A revised version, re-edited, with additional 
matter, was, with the consent of the Smithsonian Institution, published 


in the Philosophical 'T ransactions. 


S. P. LANGLEY, 


SECRETARY. 


Washington City, May, 1896. 
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A NEW CONSTITUENT OF THE ATMOSPHERE. 


By Lorp Rayteren anp Proresson Wiuitram Ramsay. 


“Modern discoveries have not been made by large collections of facts, with sub- 
sequent discussion, separation, and resulting deduction of a truth thus rendered 
perceptible. A few facts have suggested an hypothesis, which means a supposition, 
proper to explain them. The necessary results of this supposition are worked out, 
and then, and not till then, other facts are examined to see if their ulterior results 


are found in Nature.”—Dr Morean, “ A Budget of Paradoxes,” Ed. 1872, p. 55. 


].— Density or Nirrocgren From Various Sourcss. 


In a former paper‘ it has been shown that nitrogen extracted from chemical 
compounds is about one-half per cent lighter than “atmospheric nitrogen.” 
The mean numbers for the weights of gas contained in the globe used were as 


follows: 


FSNOMMNTELIC TOXIC CR tla ase eystersie aio iskeis.eceve ssedeieveisievels stelelolesereseteelale 2.3001 
MLOMMBMIGEOUSWOXL GCE aye eet. mi clorisicielsisres © aici cinins.cisteialese)stescieher sree 2.2990 
EE OMEAMALNO MULTAN TINILTIEC Le © 2) ci-raietel« arate) e/eie ie.21 ere) +1< (o'e\clelleayelolieie ele 2.2987 


) 


while for “atmospheric” nitrogen there was found: 


EYRUOUCOPPELIEL SO 2iieserelolote sfc) eiele eielerats)-icicla = eichelsletiehe) olekeloneleleys 2.3103 
BDO LpIROM LOO Steictershclers’eleteheiere a elstorons atcha teal er atolaVahs’ aloes) oh eRels) ate 2.3100 
IB VRTETEOUSH My, Ate iT OO 4s sors) eerore:s telcl) eiercleleisiel= eiere)-Verel el fel eel sie 2.3102 


At the suggestion of Prof. Thorpe experiments were subsequently tried with 
nitrogen liberated from wrea by the action of sodium hypobromite. The carbon 


and hydrogen of the urea are supposed to be oxidized by the reaction to CO, and 


’ Proceedings of the Royal Society, vol. LV, p. 340, 1894. 
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H,O, the former of which would be retained by the large excess of alkali employed. 
It was accordingly hoped that the gas would require no further purification than 
drying. If it proved to be light, it would at any rate be free from the suspicion 
of containing hydrogen. 

The hypobromite was prepared from commercial materials in the proportions 





recommended for this analysis of urea—100 gms. caustic soda, 250 ¢. ¢. water, and 
25 ¢.¢. of bromine. For our purpose about 14 times the above quantities were 
required. The gas was liberated in a bottle of about 900 ¢. ¢. capacity in which a 
vacuum was first established. The full quantity of hypobromite solution was 
allowed to run slowly, so that any dissolved gas might be at once disengaged. 
The urea was then fed in, at first in a dilute condition, but as the pressure rose, in a 
ten per cent solution. The washing out of the apparatus, being effected with gas 
in a highly rarefied state, made but a slight demand upon the materials, The re- 
action was well under control, and the gas could be liberated as slowly as desired. 

In the first experiment the gas was submitted to no other treatment than slow 
passage through potash and phosphoric anhydride, but it soon became apparent 
that the nitrogen was contaminated. The “inert and inodorous” gas attacked 
vigorously the mercury of the Tépler pump and was described as smelling like a 
dead rat. As to the weight, it proved to be in excess even of the weight of 
atmospheric nitrogen. 

The corrosion of the mereury and the evil smell were in great degree obviated 
by passing the gas over hot metals. For the fillings of June 6th, 9th, 15th, the gas 
passed through a short length of tube containing copper in the form of fine wire 
-heated by a flat Bunsen burner, then through the furnace over red-hot iron and 
back over copper oxide. On June 19th the furnace tubes were omitted, the gas 
being treated with the red-hot copper only. 

The results, reduced so as to correspond with those above quoted, were : 








WHC OLD. cic ayanro gharletetaereleleta lara sjsvelalistersininiels Via aleierhiesiearwis diaivae 2.297 
6th 978 
BOG MQ ELierrcrey orsreraye octave te eievaror sie cask eekeals ea teaeestetat ter otepein mete beater 2.2987 
He PT tetcnstectole Ska conet Spee retook eee eet te er een 2.2982 
6 arg tasty 2 ercsakcpciecet Sta eeoreciatere tenet crete var eat tate erent acta reaiere cats 2.2994 
Mean ov ccyateln eoieiciete ete reke mnie aie fate onora etek ie lave ce oteraiiensre 2.2985 


Without using heat it has not been found possible to prevent the corrosion of 
the mercury. Even when no urea is employed and air,simply bubbled through 
the hypobromite solution, is allowed to pass with constant shaking over mercury 
contained in a U-tube, the surface of the metal was soon fouled. When hypochlo- 
rite was substituted for hypobromite in the last experiment there was a decided 
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improvement, and it was thought desirable to try whether the gas prepared from 
hypochlorite and urea would be pure on simple desiccation. A filling on June 
25th gave as the weight 2.3343, showing an excess of 36 mg.,as compared with other 
chemical nitrogen, and of about 25 mg. as compared with atmospheric nitrogen. 
A test with alkaline pyrogallate appeared to prove the absence from this gas of 
free oxygen, and only a trace of carbon could be detected when considerable 
quantity of the gas was passed over red-hot cupric oxide into a solution of baryta. 

Although the results relating to urea-nitrogen are interesting for comparison 
with that obtained from other nitrogen compounds, the original object was not 
attained on account of the necessity of retaining the treatment with hot metals. 
We have found, however, that nitrogen from ammonium nitrite may be prepared 
without the employment of hot tubes, whose weight agrees with that above quoted. 
It is true that the gas smells slightly of ammonia, easily removable by sulphuric 
acid, and apparently also of oxides of nitrogen. The solution of potassium nitrite 
and ammonium chloride was heated in a water bath, of which the temperature rose 
to the boiling point only towards the close of operations. In the earlier stages the 
temperature required careful watching in order to prevent the decomposition taking 
place too rapidly. The gas was washed with sulphuric acid, and after passing a Ness- 
ler test, was finally treated with potash and phosphoric anhydride in the usual way, 


The following results have been obtained : 


felky “Ald cGodsosaccsoGsoes Grade eave ete eek tetera teres 2.2983 
SamMmEZO IN Cestey eRe) israh oreo etsjeNe seve, eavb og sne tae sper she A Sle takotece orerRCY = 2.2989 

ame Ln UL epee nane tT erases coe y scat (ovcrel s cv ererc exe cc acts! fcrsie devs /siousie, siolenegsree 2.2990 
IMG aintegereree debs otcVereieete le muevercreteion sitet orev rolerersienctedeteies 2.2987 


It will be seen that in spite of the slight nitrous smell there is no appreci- 
able difference in the densities of gas prepared from ammonium nitrite with and 
without the treatment by hot metals. The result is interesting as showing that 
the agreement of numbers obtained for chemical nitrogen does not depend upon 
the use of a red heat in the process of purification. 

The five results obtained in more or less distinct ways for chemical nitrogen 
stand thus: 


From nitric oxide..... mh aces sf ave at ety ereloreie terete) herent a rareiets, ste 2.3001 
FB VOMMMLCLOMSHOXI CEM fetals.c yoy ehetelotonet tenets) serehereictaVel rere) fareleietetslots 2.2990 
From ammonium nitrite purified at a red heat............... 2.2987 
IESG AMUN altro tet pelene le iesclen fereeerenctereieiietsieonsle)etexseerstorer sent cloksxeve yore 2.2985 
From ammonium nitrite purified in the cold..............-.. 2.2987 

IMC ATI ot everotel sevoley ini eletelfelefoie! o/elel=i= fe erleuasfoileto terete oteterere - 2.2990 
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These numbers, as well as those above quoted for “atmospheric nitrogen,” are sub- 
ject to a deduction of 0.0006 for the skrinkage of the globe when exhausted.’ If 
they are then multiplied in the ratio of 2.3108:1.2572, they will express the 
weights of the gas in grammes per litre. Thus, as regards the mean numbers, we 
find as the weight per litre under standard conditions of chemical nitrogen 1.2508, 
that of atmospheric nitrogen being 1.2572. 

It is of interest to compare the density of nitrogen obtained from chemical 
compounds with that of oxygen. We have N, :O, = 2.2984: 2.6276 = 0.87471 ; 
so that if O, = 16, N, = 13.9954. Thus when the comparison is with chemical 
nitrogen the ratio is very nearly that of 16:14. But if “atmospheric nitrogen” be 
substituted, the ratio of small integers is widely departed from. 

To the above list may be added nitrogen prepared in yet another manner, 
whose weight has been determined subsequently to the isolation of the new dense 
constituent of the atmosphere. In this case nitrogen was actually extracted from 
air by means of magnesium. The nitrogen thus separated was then converted into 
ammonia by action of water upon the magnesium nitride and afterwards liberated 
in the free state by means of calcium hypochlorite. The purification was conducted 
in the usual way, and included passage over red-hot copper and copper oxide. 


The following was the result : 





Globe .empty; (Oct. sath) Nos. Sth ii cries cteves<rererelaqotereterstenece 2.82313 
Globefull:: Octisarsts tise sire acters losis repteie oie er aes -52395 
WEI ECM aS 2x, .15,cenereratoveborsye setts ralotraloLateerelctersrer cis iereitaye 2.29918 


It differs inappreciably from the mean of other results, viz., 2.2990, and is of 
special interest as relating to gas which at one stage of its history formed part of 
the atmosphere. Another determination with a different apparatus of the density 
of “chemical ” nitrogen from the same source, magnesium nitride, which had been 
prepared by passing “ atmospheric” nitrogen over ignited magnesium, may here be 
recorded. The sample differed from that previously mentioned, inasmuch as it had 
not been subjected to treatment with red-hot copper. After treating the nitride 
with water, the resulting ammonia was distilled off, and collected in hydrochloric 
acid; the solution was evaporated to dryness; the dry ammonium chloride was dlis- 
solved in water, and its concentrated solution added to a freshly prepared solution 
of sodium hypobromite. The nitrogen was collected in a gas-holder over water 


'“On the Densities of the Principal Gases,” Proceedings of the Royal Society, vol. LIII, p. 
134, 1893. 
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which had previously been boiled, so as at all events partially to expel air. The 
nitrogen passed into the vacuous globe through a solution of potassium hydroxide, 
and through two drying tubes, one containing soda-lime, and the other, phosphoric 
anhydride, 

At 18.88° C., and 754.4 mm. pressure, 162.848 ¢. ce. of this nitrogen weighed 
0.18968 gramme. Hence, 

Weight of 1 litre at 6° C. and 760 mm. pressure, 1.2521 gramme. ‘The 
mean result of the weight of 1 litre of “chemical” nitrogen has been found 
to equal 1.2505, It is therefore seen that “chemical” nitrogen, derived from 
“atmospheric” nitrogen, without any exposure to red-hot copper, possesses the 
usual density. 

Experiments were also made, which had for their object to prove that the 
ammonia, produced from the magnesium nitride, is identical with ordinary ammonia, 
and contains no other compound of a basie character, For this purpose, the am- 
monia was converted into ammonium chloride, and the percentage of chlorine 
determined by titration with a solution of silver nitrate which had been standard- 
ized by titrating a specimen of pure sublimed ammonium chloride. The silver 
solution was of such a strength that one cubic centimetre precipitated the chlorine 
from 0.001701 gramme of ammonium chloride, 

I. Ammonium chloride from orange-colored sample of magnesium nitride. 

0.1106 gramme required 43.10 cubic centimetres of silver nitrate, = 66.35 
p. ¢. of chlorine. 

II. Ammonium chloride from blackish magnesium nitride. 

0.0118 gramme required 43.6 cubic centimetres of silver nitrate, = 66.35 
p. ¢. of chlorine. 

If. Ammonium chloride from nitride containing a large amount of unattacked 
magnesium. 

0.0630 gramme required 24.55 cubic centimetres of silver nitrate, = 66.30 
p. ¢. of chlorine. 

Taking for the atomic weights: of hydrogen, H = 1.00382; of nitrogen, N = 
14.04; and of chlorine, Cl = 35.46, the theoretical amount of chlorine in ammonium 
chloride is 66.27 p. e. 

From these results—nitrogen prepared from magnesium nitride obtained by 
passing “atmospheric” nitrogen over red-hot magnesium has the density of 
“chemical” nitrogen, and that ammonium chloride prepared from magnesium 
nitride contains practically the same percentage of chlorine as pure ammonium 
chloride—it may be concluded that red-hot magnesium withdraws from “ atmos- 


pheric”” nitrogen no substance capable of forming a basic compound with hydrogen. 
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When the discrepancy of weights was first encountered, attempts were natu- 
rally made to explain it by contamination with known impurities. Of these the 
most likely appeared to be hydrogen, present in the lighter gas in spite of the pas- 
sage over red-hot cupric oxide. But inasmuch as the intentional introduction of 
hydrogen into the heavier gas, afterwards treated in the same way with cupric 
oxide, had no effect upon its weight, this explanation had to be abandoned, and 
finally it became clear that the difference could not be accounted for by the pres- 
ence of any known impurity. At this stage it seemed not improbable that the 
lightness of the gas extracted from chemical compounds was to be explained by 
partial dissociation of nitrogen molecules N, into detached atoms. In order to 
test this suggestion, both kinds of gas were submitted to the action of the silent 
electric discharge, with the result that both retained their weights unaltered. This 
was discouraging, and a further experiment pointed still more markedly in the 
negative direction. The chemical behavior of nitrogen is such as to suggest that 
dissociated atoms would possess a high degree of activity, and that even though 
they might be formed in the first instance their life would probably be short. On 
standing they might be expected to disappear, in partial analogy with the known 
behavior of ozone. With this idea in view a sample of chemically prepared nitro- 
gen was stored for eight months. But at the end of this time the density showed 
no sign of increase, remaining exactly as at first.’ ! 

Regarding it as established that one or other of the gases must be a mix- 
ture, containing as the case might be an ingredient much heavier or much lighter 
than ordinary nitrogen, we had to consider the relative probabilities of the various 
possible interpretations. Except upon the already discredited hypothesis of dis- 
sociation, it was difficult to see how the gas of chemical origin could be a mixture. 
To suppose this would be to admit two kinds of nitrie acid, hardly reconcilable 
with the work of Stas and others upon the atomic weight of that substance. The 
simplest explanation in many respects was to admit the existence of a second in- 
gredient in air from which oxygen, moisture, and carbonic anhydride had already 
been removed. The proportional amount required was not great. If the density 
of the supposed gas were double that of nitrogen, one-half per cent only by volume 
would be needed ; or if the density were but half as much again as that of nitro- 
gen, then one per cent would still suffice. But in accepting this explanation, even 
provisionally, we had to face the improbability that a gas surrounding us on all 


sides and present in enormous quantities could have remained so long unsuspected. 


' Proceedings of the Royal Society, vol, LV, p. 344, 1894. 
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The method of most universal application by which to test whether a gas is 
pure or a mixture of components of different densities is that of diffusion. By this 
means Graham succceded in effecting a partial separation of the nitrogen and OXY- 
gen of the air, in spite of the comparatively small difference of densities. If the 
atmosphere contains an unknown gas of anything like the density supposed, it 
should be possible to prove the fact by operations condueted upon air which had 
undergone atmolysis. If, for example, the parts least disposed to penetrate porous 
walls were retained, the “ nitrogen” derived from it by the usual processes should 
be heavier than that derived in like manner from unprepared air. This experi- 
ment, although in view from the first, was not executed until a later stage of the 
inquiry ($ 6), when results were obtained sufficient of themselves to prove that the 
atmosphere contains a previously unknown gas. 

But although the method of diffusion was capable of deciding the main, or at 
any rate the first, question, it held out no prospect of isolating the new constituent 
of the atmosphere, and we therefore turned our attention in the first instance to 
the consideration of methods more strictly chemical. And here the question 
forced itself upon us as to what really was the evidence in favor of the prevalent 
doctrine that the inert residue from air, after withdrawal of oxygen, water, and 
carbonic anhydride, is all of one kind. 


’ 


The identification of “ phlogisticated air” with the constituent of nitric acid is 
due to Cavendish, whose method consisted in operating with electric sparks upon a 
short column of gas confined with potash over mercury at the upper end of an in- 
verted U-tube.! This tube (M) was only about 1, inch in diameter, and the column of 
gas was usually about one inch in length. After describing some preliminary trials, 
Cavendish proceeds: “IT introduced into the tube a little soap-lees (potash), and 
then let up some dephlogisticated (oxygen) and common air, mixed in the above- 
mentioned proportions, which, rising to the top of the tube (M), divided the soap- 
lees into its two legs. As fast as the air was diminished by the electric spark, I 
continued adding more of the same kind, till no further diminution took place ; 
after which a little pure dephlogisticated air, and after that a little common air, were 
added, in order to see whether the cessation of diminution was not owing to some 
imperfection in the proportion of the two kinds of air to each other; but without 
effect. The soap-lees being then poured out of the tube, and separated from the 
quicksilver, seemed to be perfectly neutralized, and they did not at all discolor 
paper tinged with the juice of blue flowers. Being evaporated to dryness, they left 
a small quantity of salt, which was evidently nitre, as appeared by the manner in 
which paper, impregnated with a solution of it, burned.” 


‘Experiments on Air, Philosophical Transactions, vol. LXXYV, p. 372, 1785. 
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Attempts to repeat Cavendish’s experiment in Cavendish’s manner have only 
increased the admiration with which we regard this wonderful investigation. 
Working on almost microscopical quantities of material and by operations extend- 
ing over days and weeks, he thus established one of the most important facts in 
chemistry. And what is still more to the purpose, he raises as distinctly as we 
could do, and to a certain extent resolves, the question above suggested. The pass- 
age is so important that it will be desirable to quote it at full length : 


“ As far as the experiments hitherto published extend, we scarcely know more 
of the phlogisticated part of our atmosphere, than that it is not diminished by 
lime-water, caustic alkalies, or nitrous air; that it is unfit to support fire, or main- 
tain life in animals; and that its specific gravity is not much less than that of 
common air; so that, though the nitrous acid, by being united to phlogiston, is 
converted into air possessed of these properties, and consequently, though it was 
reasonable to suppose, that part at least of the phlogisticated air of the atmosphere 
consists of this acid united to phlogiston, yet it was fairly to be doubted whether 
the whole is of this kind, or whether there are not in reality many different sub- 
stances confounded together by us under the name of phlogisticated air. I there- 
fore made an experiment to determine whether the whole of a given portion of the 
phlogisticated air of the atmosphere could be reduced to nitrous acid, or whether 
there was not a part of a different nature to the rest, which would refuse to undergo 
that change. The foregoing experiments indeed in some measure decided this 
point, as much as the greatest part of the air let up into the tube lost its elasticity ; 
yet as some remained unabsorbed it did not appear for certain whether that was of 
the same nature as the rest or not. For this purpose I diminished a similar mix- 
ture of dephlogisticated and common air, in the same manner as before, till it was 
reduced to a small part of its original bulk. I then, in order to decompound as 
much as I could of the phlogisticated air which remained in the tube, added some 
dephlostigated air to it and continued the spark until no further diminution took 
place. Having by these means condensed as much as I could of the phlogisticated 
air, I let up some solution of liver of sulphur to absorb the dephlogisticated air ; 
after which only a small bubble of air remained unabsorbed, which certainly was 
not more than ,4, of the bulk of the phlogisticated air let up into the tube; so 
that if there is any part of the phlogisticated air of our atmosphere which differs 
from the rest, and cannot be reduced to nitrous acid, we may safely conclude that 
it is not more than 54, part of the whole.” 


Although Cavendish was satisfied with his result, and does not decide whether 
the smal] residue was genuine, our experiments about to be related render it not 
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improbable that his residue was really of a different kind from the main bulk of 
the “ phlogisticated air,” and contained the gas now called argon. 

Cavendish gives data’ from which it is possible to determine the rate of ab- 
sorption of the mixed gases in his experiment. The electrical machine used “ was 
one of Mr, Nairne’s patent machines, the cylinder of which is 124 inches long, 
and 7 in diameter. A conductor of 5 feet long and 6 inches in diameter was 
adapted to it, and the ball which received the spark was placed two or three inches 
from another ball fixed to the end of the conductor. Now when the machine 
worked well, Mr. Gilpin supposes he got about two or three hundred sparks a 
minute, and the diminution of the air, during the half hour which he continued 
working at a time, varied in general from 40 to 120 measures, but was usually 
greatest when there was most air in the tube, provided the quantity was not so 
great as to prevent the spark from passing readily.” The “measure” spoken of 


represents the volume of one grain of quicksilver, or 0.0048 ¢. ¢.; so that an absorp- 
tion of one cubic centimetre of mixed gas per hour was about the most favorable, 


rate. Of the mixed gas about two-fifths would be nitrogen. 


3. Mernops or Caustnec Free Nirrocen to ComBine. 


The concord between the determinations of density of nitrogen obtained from 
sources other than the atmosphere having made it at least possible that some 
heavier gas exists in the atmosphere, hitherto undetected, it became necessary to 
submit atmospheric nitrogen to examination with the view of isolating, if possible, 
the unknown and overlooked constituent, or it might be constituents. 

Nitrogen, however, is an element which does not easily enter into direct com- 
bination with other elements; but with certain elements, and under certain condi- 
tions, combination may be induced. The elements which have been directly united 
to nitrogen are (a) boron, (b) silicon, (c) titanium, (d) lithium, (e) strontium and 
barium, (f) magnesium, (g) aluminum, (h) mercury, (1) hydrogen, and (k) oxygen, 
the last two by help of an electrical discharge. 

(a) Mitride of boron was prepared by Wohler and Deville,’ by heating amor- 
phous boron to a white heat in a current of nitrogen. Experiments were made to 
test whether the reaction would take place in a tube of difficultly fusible glass ; 
but it was found that the combination took place at a bright-red heat to only a 
small extent, and that the boron, which had been prepared by heating powdered 
boron oxide with magnesium dust, was only superficially attacked. Boron is there- 


fore not a convenient absorbent for nitrogen. 


' Philosophical Transactions, vol. LXXVIII, p. 271, 1788. * Annales de Chemie (3), 52, p. 82. 
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(b) Nitride of silicon’ also requires for its formation a white heat, and com- 
plete union is difficult to bring about. Moreover it is not easy to obtain large 
quantities of silicon. This method was therefore not attempted. 

(c) Nitride of titanium is said to have been formed by Deville and Caron, by 
heating titanium to whiteness in a current of nitrogen. This process was not tried 
by us. As titanium has an unusual tendency to unite with nitrogen, it might, 
perhaps, be worth while to set the element free in presence of atmospheric nitro- 
gen, with a view to the absorption of the nitrogen. This has, in effect, been 
already done by Wohler and Deville®; they passed a mixture of the vapor of 
titanium chloride and nitrogen over red-hot aluminum, and obtained a large yield 
of nitride. It is possible that a mixture of the precipitated oxide of titanium with 
magnesium dust might be an effective absorbing agent at a comparatively low 
temperature. 

(d), (e) Lithium at a dull-red heat absorbs nitrogen,’ but the difficulty of 
obtaining the metal in quantity precludes its application. On the other hand, 
strontium and barium, prepared by electrolyzing solutions of their chlorides in 
contact with mercury, and subsequently removing the mercury by distillation, are 
said by Maquenne® to absorb nitrogen with readiness. Although we have not 
tried these metals for removing nitrogen, still our experience with their amalgams 
has led us to doubt their efficacy, for it is extremely difficult to free them from 
mereury by distillation, and the product is a fused ingot, exposing very little sur- 
face to the action of the gas. The process might, however, be worth a trial. Nitro- 
gen is also known to be converted into cyanides when passed oyer a mixture of 
baryta and carbon, and this may possibly prove to be the most efficient method of 
effecting its removal on a large scale. 

(f) Nitride of magnesium was prepared by Deville and Caron (loc. cit.) 
during the distillation of impure magnesium. It has been more carefully investi- 
gated by Briegleb and Geuther,’ who obtained it by igniting metallic magnesium 
in a current of nitrogen, It forms an orange-brown, friable substance, very porous, 
and it is easily produced at a bright-red heat. When magnesium, preferably in 
the form of thin turnings, is heated in a combustion tube in a current of nitrogen, 
the tube is attacked superficially, forming a coating of magnesium silicide. As the 
temperature rises to bright redness, the magnesium begins to glow brightly, and 
combustion takes place, beginning at that end of the tube through which the gas 


is introduced, The combustion proceeds regularly, the glow extending down the 


*Schutzenberger, Comptes Rendus, 89, 644. *Ouvrard,.Comptes Rendus, 114, 120. 
* Annatlen der Chemie und Pharmacte, 101, 360. * Jbid., 114, 25 and 220, 
* [bid., 73, 34- * Annalen der Chemie und Pharmacie, 123, 228 
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tube, until all the metal has united with nitrogen. The heat developed by the 
combination is considerable, and the glass softens; but by careful attention and 
regulation of the rate of the current, the tube lasts out an operation. A piece of 
combustion tubing of the usual length for organic analysis, packed tightly with 
magnesium turnings, and containing about 80 grammes, absorbs between seven and 
eight litres of mitrogen. It is essential that oxygen be excluded from the tube, 
otherwise a fusible substance is produced, possibly nitrate, which blocks the 
tube. With the precaution of excluding oxygen, the nitride is loose and porous, 
and can easily be removed from the tube with a rod; but it is not possible to use 
a tube twice, for the glass is generally softened and deformed. 

(g) Mitride of aluminum has been investigated by Mallet.’ He obtained it in 
crystals by heating the metal to whiteness in a carbon crucible. But aluminum 
shows no tendency to unite with nitrogen at a red heat, and cannot be used as an 
absorbent for the gas. 

(h) Garresheim? states that he has induced combination between nitrogen and 
mercury; but the affinity between these elements is of the slightest, for the com- 
pound is explosive. 

(i) The union of hydrogen with nitrogen to form ammonia in presence of an 
acid seems to proceed at a fair rate under the influence of electric sparks from a 
battery and coil; but an attempt to increase the rate by use of the alternating 
current from a dynamo has not so far succeeded. 

The process of removing nitrogen by a combination with oxygen is treated in 
$ 2, 4, and 8. 


4. Barty Exprerments on Sparking Nrrrogkn with OxyGen 1n- PRESENCE 


or ALKALI. 


In our earliest attempts to isolate the suspected gas by the method of 
Cavendish, we used a Ruhmkorff coil of medium size actuated by a battery of five 
Grove cells. The gases were contained in a test tube standing over a large 
quantity of weak alkali, and the current was conveyed in wires insulated by 
inverted U-shaped glass tubes passing through the liquid round the mouth of the 
test tube. The inner platinum ends of the wire were sealed into the glass insu- 
lating tubes, but reliance was not placed upon the sealings. In order to secure 
tightness in spite of cracks, mercury was placed in the bends. This disposition of 


the electrodes complicates the apparatus somewhat and entails the use of a large 


' Transactions of the Chemical Society, 1876, I, 349. 
* Annalen der Chemie und Pharmacte, 195, 373- 
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depth of liquid in order to render possible the withdrawal of the tubes, but it has 
the great advantage of dispensing with sealing electrodes into the principal vessel, 
which might give way and cause the loss of the experiment at the most incon- 
venient moment. With the given battery and coil a somewhat short spark, or are, 
of about 5 mm. was found to be more favorable than a larger one. When the 
mixed gases were in the right proportion, the rate of absorption was about 30 e. e. 
per hour, or 30 times as fast as Cavendish could work with the electrical machine 
of his day. 

To take an example, one experiment of this kind started with 50 ¢. ¢ of air. 
To this, oxygen was gradually added until, oxygen being in excess, there was no 
perceptible contraction during an hour’s sparking, The remaining gas was then 
transferred at the pneumatic trough to a small measuring vessel, sealed by mercury, 
in which the volume was found to be 1.0 ¢.¢. On treatment with alkaline pyro- 
gallate, the gas shrank to .82.¢.c. That this small residue could not be nitrogen 
was argued from the fact that it had withstood the prolonged action of the spark, 
although mixed with oxygen in nearly the most favorable proportion. 

The residue was then transferred to the test tube with an addition of another 
50 c. c. of air and the whole worked up with oxygen as before. The residue was 
now 2.2 ¢. ¢., and after removal of oxygen .76 ¢. ¢. 

Although it seemed almost impossible that these residues could be either 
nitrogen or hydrogen, some anxiety was not unnatural, seeing that the final spark- 
ing took place under somewhat abnormal conditions. The space was very re- 
stricted, and the temperature (and with it the proportion of aqueous vapor) was 
unduly high. But any doubts that were felt upon this score were removed by 
comparison experiments in which the whole quantity of air operated on was very 
small. Thus when a mixture of 5 ¢. ¢. of air with 7¢. ¢. of oxygen was sparked 
for 14 hours, the residue was 0.47 ¢. c. and after removal of oxygen 0.06 ¢. ¢. 
Several repetitions having given similar results, it became clear that the final resi- 
due did not depend upon anything that might happen when sparks passed through 
a greatly reduced volume, but was in proportion to the amount of air operated upon. 

No satisfactory examination of the residue which refused to be oxidized could 
be made without the accumulation of a larger quantity. This, however, was diffi- 
cult of attainment at the time in question. The gas seemed to rebel against the 
law of addition. It was thought that the cause probably lay in the solubility of 
the gas in water, a suspicion since confirmed. At length, however, a sufficiency 
was collected to allow of sparking in a specially constructed tube, when a compari- 
son with the air spectrum taken under similar conditions proved that at any rate 
the gas was not nitrogen. At first scarcely a trace of the principal nitrogen lines 
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could be seen, but after standing over water for an hour or two these lines 
became apparent. 
We now proceed to give an account of the early experiments with magnesium. 


5. Earty Experiments on Wirnprawat or Nirrocgren rrom Arr By MEANS OF 
2ED-Hor MAGNESIUM. 


It having been proved that nitrogen at a bright-red heat was easily absorbed 
by magnesium, best in the form of turnings, an attempt was successfully made to 
remove that gas from the residue left after eliminating oxygen from air by means 
of red-hot copper. 

The preliminary experiment was made in the following manner: A combustion 
tube, A, was filled with magnesium turnings, packed tightly by pushing them in 


A 
— 





Fic. 1. 


with a rod. This tube was connected with a second piece of combustion tubing, B, 
by means of thick-walled india-rubber tubing, carefully wired ; B contained copper 
oxide, and in its turn was connected with the tube C D, one-half of which con- 
tained soda-lime, previously ignited to expel moisture, while the other half was 
filled with phosphoric anhydride. E isa measuring vessel, and F was connected 
with a gas-holder containing “ atmospheric nitrogen.” 

In beginning an experiment, the system of tubes, which was heated with long. 
flame burners, was pumped empty ; a little hydrogen was formed by the action of 
the moisture in the tube on the metallic magnesium; it was oxidized by the copper 
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oxide and absorbed by the phosphoric pentoxide. A gauge attached to a Sprengel’s 
pump, connected with the apparatus, showed when a vacuum had been reached. 
A quantity of nitrogen was then measured in E, and admitted into contact with 
the red-hot magnesium. Absorption took place rapidly at first and then slowly as 
shown by the gauge on the Sprengel’s pump. A fresh quantity was then measured 
and admitted, and these operations were repeated until no more could be absorbed. 
The system of tubes was then pumped empty by means of the Sprengel’s pump, 
and the gas was collected. The magnesium tube was then detached and replaced 
by another, The unabsorbed gas was returned to the measuring-tube by a device 
shown in the figure (G@), and the absorption recommenced. After 1094 cubic 
centimetres of gas had thus been treated, there was left about 50 cubic centimetres 
of gas, which resisted rapid absorption. It still contained nitrogen, however, 
judging by the diminution of volume which it experienced when allowed to stand 
in contact with red-hot magnesium. Its density was, nevertheless, determined by 
weighing a small bulb of about 40 cubie centimetres capacity first with air, and 
afterwards with the gas. The data are these: 


(a) Weight of bulb and air — that of glass eountenieise Nveteis 0.8094 gramme 
Weight of bulb alone — “ vse 0.7588 ~ 

Wreightiof- air. ic’ o> stn ssiticitarel ok asclen eit 0.0506 gramme 

(b) Weight of bulb and gas—that of glass cout aioe Eien 0.8108 gramme 
Weight of bulb alone— “ Seo: CSA ine 

Welghttof casi” cpesces ccvnicinc ts icra wer Pee rmers 0.0520 gramme 


Taking as the weight of a litre of air 1.29347 gramme, the mean of the latest 
results, and of oxygen (= 16) 1.42961 gramme,’ the density of the residual gas 
is 14.88. 


"The results on which this and the subsequent calculations are based are as follows (the 
weights are those of 1 litre) : 


Air. Oxygen, Nitrogen. Hydrogen, 
Regn alten yi retels 1.29349 1.43011 1.25647 0.08988 
VonsJollyn. st%.. <2 1.29383 1.42971 1.25819 cae ee 
CduG er ears 1.29330 1.42910 1.25709 0.08985 
Rayletghivercet= cers 1.29327 1.42952 1.25718 0.09001 


Regnault’s numbers have an approximate correction applied to them by Crafts. The mean of 
these numbers is taken, that of Regnault for nitrogen being omitted, as there is reason to believe 
that his specimen was contaminated with hydrogen. 


Air. Oxygen. Nitrogen. Hydrogen, 
1.29347 1.42961 1.25749 0.08991 
This ratio gives for air the composition by volume : 
ORY WOU cei vin vie iv a erates ok eiciareh scale Eamteeie alten otehens beaten tata 20.91 p. C 
NUtrO gen sche ennai saree oe Tee Se Ee Ese 79.09 “ 


a result verified by experiment. 
It is of course to be understood that these densities of nitrogen refer to atmospheric nitrogen, 
that is, to air from which oxygen, water vapor, carbon dioxide, and ammonia have been removed. 
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This result was encouraging, although weighted with the unavoidable error 
attaching to the weighing of a very small amount. Still the fact remains that 
the supposed nitrogen was heavier than air. It would hardly have been possible 
to make a mistake of 2.7 milligrammes. 

It is right here to place on record the fact that this first experiment was to 
a great extent carried out by Mr. Perey Williams, to whose skill in manipulation 
and great care its success is due, and to whom we desire here to express our 
thanks. 

Experiments were now begun on a larger scale, the apparatus employed being 


shown in Fig. 2. 


i Toe 
4 









l 


A and Bare large glass gas-holders of about 10 litres capacity. C is an arrange- 





Fic, 2. 


ment by which gas could be introduced at will into the gas-holder A, either by 
means of an india-rubber tube slipped over the open end of the U-tube, or, as 
shown in the figure, from a test tube. The tube D was half filled with soda-lime 
(a), half with phosphoric anhydride (b). Similarly the tube E, which was kept 
at a red heat by means of the long-flame burner, was filled half with very porous 
copper (@) reduced from dusty oxide by heating in hydrogen, half with copper 
oxide in a granular form (0). The next tube, F, contained granular soda-lime, while 
G contained magnesium turnings, also heated to bright redness by means of a 
long-flame burner. H. contained phosphoric anhydride, and I soda-lime. <All 
joints were sealed, excepting those connecting the hard-glass tubes E and G, to the 
tubes next them. 

The gas-holder A having been filled with nitrogen, prepared by passing air 
over red-hot copper, and introduced at C, the gas was slowly passed through the 


system of tubes into the gas-holder B, and back again. The magnesium in the 
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tube G having then ceased to absorb, was quickly removed and replaced by a 
fresh tube. This tube was, of course, full of air, and before the tube G@ was 
heated, the air was carried back from B towards A by passing a little nitrogen 
from right to left. The oxygen in the air was removed by the metallie copper 
and the nitrogen passed into the gas-holder A, to be returned in the opposite 
direction to B. 

In the course of about ten days, most of the nitrogen had been absorbed. 
The magnesium was not always completely exhausted; usually the nitride pre- 
sented the appearance of a blackish-yellow mass, easily shaken out of the tube. 
It is needless to say that the tube was always somewhat attacked, becoming black 
with a coating of magnesium silicide. The nitride of magnesium, whether black- 
ish or orange, if left for a few hours exposed to moist air, was completely con- 
verted into white, dusty hydroxide, and during exposure it gave off a strong odor 
of ammonia. If kept in a stoppered bottle, however, it was quite stable. 

It was then necessary in order to continue the absorption to carry on opera- 
tions on a smaller scale, with precautions to exclude atmospheric air as completely 
as possible. There was at this stage a residue of 1500 cubic centimetres. 

The apparatus was therefore altered to that shown in Fig. 3 so as to make it 
possible to withdraw all the gas out of the gas-holder A. The left-hand exit led 


3 


“a 
‘ 
: 
: 





Fic. 3. 


to the Sprengel’s pump; the compartment (a) of the drying tube B was filled with 
soda-lime, and (4) with phosphoric anhydride. © is a tube into which the gas 
could be drawn from the gas-holder A. The stopcock, as shown, allows gas to 
pass through the horizontal tubes and does not communicate with C; but a vertical 
groove allows it to be placed in communication either with the gas-holder, or with 


the apparatus to the right. The compartment (4) of the second drying tube D 
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contained phosphoric anhydride, and (a) soda-lime. The tube D communicated 
with a hard-glass tube, E, heated over a long-flame burner: it was partly filled 
with metallic copper, and partly with copper oxide. This tube, as well as the 
tube F, filled with magnesium turnings, was connected to the drying tube with 
india-rubber. The g:s then entered G, a graduated reservoir, and the arrangement 
H permitted the removal or introduction of gas from or into the apparatus. The 
gas was gradually transferred from the gas-holder to the tube C, and passed back- 
wards and forwards over the red-hot magnesium until about 200 cubic centimetres 
were left. It was necessary to change the magnesium tube, which was made of 
smaller size than formerly, several times during the operation. This was done by 
turning out the long-flame burners and pumping off all gas in the horizontal tubes 
by means of the Sprengel’s pump. This gas was carefully collected. The mag- 
nesium tube was then exchanged for a fresh one, and after air had been exhausted 
from the apparatus, nitrogen was introduced from the reservoir, Any gas evolved 
from the magnesium (and apparently there was always a trace of hydrogen, either 
occluded by the magnesium, or produced by the action of aqueous vapor on the 
metal) was oxidized by the copper oxide. Had oxygen been present, it would 
have been absorbed by the metallic copper, but the copper preserved its red 
appearance without alteration, whereas a little copper oxide was reduced during 
the series of operations. The gas, which had been removed by pumping, was 
reintroduced at H, and the absorption continued. 

The volume of the gas was thus, as has been said, reduced to about 200 cubie 
centimetres. It would have been advisable to take exact measurements, but, un- 
fortunately, some of the original nitrogen had been lost through leakage; and a 
natural anxiety to see if there was any unknown gas led to pushing on operations as 
quickly as possible. 

The density of the gas was next determined. The bulb or globe in which the 
gas was weighed was sealed to a two-way stopcock, and the weight of distilled and 
air-free water filling it at 17°.15 was 162.654 grammes, corresponding to a capacity of 
162.843 cubic centimetres. The shrinkage on removing air completely was 0.0212 
cubic centimetre. Its weight when empty should therefore be increased by the 
weight of that volume of air, which may be taken as 0.000026 gramme. This 
correction, however, is perhaps hardly worth applying in the present case. 

The counterpoise was an exactly similar bulb, of equal capacity, and weighing 
about 0.2 gramme heavier than the empty globe. The balance was a very sensitive 
one by Oertling, which easily measured one-tenth of a milligramme. By the 
process of swinging, one-hundredth of a milligramme would be determined with 


fair accuracy. 





Wye, 
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In weighing the empty globe, 0.2 gramme was placed on the same pan as that 
which hung from the end of the beam to which it was suspended and the final 
weight was adjusted by means of a rider, or by small weights on the other pan. 
This process practically leads to weighing by substitution of gas for weights. The 
bulb was always handled with gloves, to avoid moisture or grease from the fingers. 

Three experiments, of which it is unnecessary to give details, were made to 
test the degree of accuracy with which a gas could be weighed, the gas being dried 
air, freed from carbon dioxide. The mean result gave for the weight of 1 litre of 
air at 0? and 760 mm. pressure, 1.2985 gramme. Regnault found 1.29340, a correction 
having been applied by Crafts to allow for the estimated alteration of volume 
caused by the contraction of his vacuous bulb. The mean result of determinations 
by several observers is 1.29347; while one of us found 1.29327. 

The globe was then filled with the carefully dried gas. 

Temperature, 18°.80; pressure, 759. 3 mm. 
Weight.of 162:843'C.\G: Of BaS\\. ci name 2s «tse ess eivislere 0.21897 gramme. 


Weight of 1 litre gas at o° and 760 mm.............. 1.4386 < 
Density, that of air compared with O = 16, being 14.476 16.100 


ae 


It is evident from these numbers that the dense constituent of the air was 
being concentrated. As a check, the bulb was pumped empty and again weighed ; 
its weight was 0.21903 gramme. This makes the density 16.105. 

It appeared advisable to continue to absorb nitrogen from this gas. The first 
tube of magnesium removed a considerable quantity of gas; the nitride was con- 
verted into ammonium chloride, and the sample contained 66.30 p. c. of chlorine, 
showing, as has before been remarked, that if any of the heavier constituent of the 
atmosphere had been absorbed, it formed no basic compound with hydrogen. The 
second tube of magnesium was hardly attacked ; most of the magnesium had 
inelted, and formed a layer at the lower part of the tube. That which was still 
left in the body of the tube was black on the surface, but had evidently not been 
much attacked. The ammonium chloride which it yielded weighed only 0.0035 


gramme. 

The density of the remaining gas was then determined. But as its volume 
was only a little over 100 cubie centimetres, the bulb, the capacity of which was 
162 cubic centimetres, had to be filled at reduced pressure. This was easily done 
by replacing the pear-shaped reservoir of the mercury gas-holder by a straight tube, 
and noticing the level of the mercury in the gas-holder and in the tube which 
served as a mercury reservoir against a graduated mirror seale by help of a cathe- 
tometer at the moment of closing the stopcock of the density bulb. 


The details of the experiment are these : 
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Temperature 19.12 C. Barometric pressure 749.8 mm. (corr.) 
Difference read on gas-holder and tube 225.25 mm. (corr.) 
Actual pressure, 524.55 mm. 


Weight of 162.843 cubic centimetres of gas............ 0.17913 gramme. 
Weight of 1 litre at o° and 760 mm. pressure........... 1.7054 H 
1D) CIUSTG VAR MEV RE NSRP eT eA Pee era icieteN tars eect aired here obeioiees ls 19.086 . 


This gas is accordingly at least 19 times as heavy as hydrogen, 

A portion of the gas was then mixed with oxygen, and submitted to a rapid 
discharge of sparks for four hours. It contracted, and on absorbing the excess of 
oxygen with pyrogallate of potassium the contraction amounted to 15.4 per cent of 
the original volume. ‘The question then arises: If the gas contained 15.4 per cent 
of nitrogen of density 14.014 and 84.6 per cent of other gas, and if the density of 
the mixture were 19.086, what would be the density of the other gas? Calculation 
leads to the number 20.0. 

A vacuum-tube was filled with a specimen of the gas of density 19.086, and it 
could not be doubted that it contained nitrogen, the bands of which were distinetly 
visible. It was probable therefore that the true density of the pure gas lay not 
far from 20 times that of hydrogen. At the same time many lines were seen which 
could not be recognized as belonging to the spectrum of any known substance. 

Such were the preliminary experiments made with the aid of magnesium to 
separate from atmospheric nitrogen, its dense constituent. The methods adopted 


in preparing large quantities will be subsequently described. 
6. Proor or THE PresENCE oF ARGON In Arr, BY Means or ATMOLYSIS. 


It has already (§ 2) been suggested that if “atmospheric nitrogen” contains 
two gases of different densities, it should be possible to obtain direct evidence of 
the fact by the method of atmolysis. The present section contains an account of 
carefully conducted experiments directed to this end. 

The atmolyser was prepared (after Graham) by combining a number of 
“church-warden” tobacco pipes. At first twelve pipes were used in three groups, 
each group including four pipes connected in series. The three groups were then 
connected in parallel, and placed in a large glass tube, closed in such a way that a 
partial vacuum could be maintained in the space outside the pipes by a water 
pump. One end of the combination of pipes was open to the atmosphere, or rather 
was connected with the interior of an open bottle containing sticks of caustic alkaly, 
the object being mainly to dry the air. The other end of the combination was 
connected to a bottle aspirator, initially full of water, and so arranged as to draw 
about 2 per cent of the air which entered the other end of the pipes. The gas col- 


lected was thus a very small proportion of that which leaked through the pores of 











20 ARGON, A NEW CONSTITUENT OF THE ATMOSPHERE. 


the pipes, and should be relatively rich in the heavier constituents of the atmos- 
phere. The flow of water from the aspirator could not be maintained very 
constant, but the rate of 2 per cent was never much exceeded. The necessary 4 
litres took about 16 hours to collect. 

The air thus obtained was treated exactly as ordinary air had been treated in 
determinations of the density of atmospheric nitrogen. Oxygen was removed by 
red-hot copper, followed by cupric oxide, ammonia by sulphuric acid, moisture and 
carbonic anhydride by phosphoric anhydride and potash. 

The following are the results : 





























Globe empty. sJullyaro; a irererotane eee atin varie otaPas) fut ale role aeseiae 2.81789 
Globefull Sept 15 (12 pipes) /enespuss fe sere eee iene .50286 
2.31503 

Ordinary, atmospheric mitogen... = ermiece = tere seine oe eee ae 2.31016 
Difference... is1see% + .00487 

Globeiem pty; Septaa7 an. n sce eras sian races 2.81345 
GlobefullSept 1S:(a-zapines) sacen-coe se wcbie eiemniaeeriee -50191 
2.31154 

2.31016 

Difference eterno + .00138 

Globevempby; Sept: 2s cistes «sake ona lesen heres paired sae 2.82320 
Globe full'Sept, 20/('12i pipes) 2 .:scc-tocsercleeal ete teens 51031 
2.31289 

2.31016 

Differences... .aesteas + .00273 

Globeiemptys Sept: 127 Oct. 2aOs. tere ate ties oe ele nestaraye a eet 2.82306 
Globe full}#Sept. 22)(‘t2 pipes) ss. «nace ci ceee ices aire erie sete .5T140 
2.31166 

2.31016 

DD erence siete aie etale + .0oo150 


The mean excess of the four determinations is .00262 gramme, or, if we omit 
the first, which depended upon a vacuum weighing of two months old, .00187 gramme, 

The gas from prepared air was thus in every case denser than from unprepared 
air, and to an extent much beyond the possible errors of experiment. The excess 
was, however, less than had been expected, and it was thought that the arrange- 
ment of the pipes could be improved. The final delivery of gas from each of the 
groups in parallel being so small in comparison with the whole streams concerned, 
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it seemed possible that each group was not contributing its proper share, and even 
that there might be a flow in the wrong direction at the delivery end of one or two 
of them. To meet this objection, the arrangement in parallel had to be abandoned, 
and for the remaining experiments 8 pipes were connected in simple series. The 
porous surface in operation was thus reduced, but this was partly compensated for by 
an improved vacuum, Two experiments were made under the new conditions: 


Globe empty, Oct. 30, Nov. 5 
Globe full, Nov. 3 (8 pipes) 


eYotenelreyaistoiirs couetsnensts,sceiaraxsvenate (eens enone 2.82313 


Pelee rreyeiaerekaiede cor teeay.en Pete neers oslo 50930 


2.31383 





h 











Ordimanyeatmosphericanitrogen: maces see sae cere serene ie easels 2.31016 
Difterencey-ce eter +e + .00367 

COM ERCP DYAPINOVanh ool cestsyciareranctarc acres vic csate eteeseereveie oreieiiotors 2.82355 
lol emnill eNO va Ob (Se pPES)ociraw) «<utele + eisitie optics seine renaeieie .51OTI 
2.31344 

Oxdinarysatmosphenic mitrogenumers sda. cece. eee ciecries 2.31016 
Ditfercncenas seers + .00328 


The excess being larger than before is doubtless due to the greater efficiency 
of the atmolysing apparatus. It should be mentioned that the above recorded ex- 
periments include all that have been tried, and the conclusion seems inevitable that 
“atmospheric nitrogen” is a mixture, and not a simple body. 

It was hoped that the concentration of the heavier constituent would be sufticient 
to facilitate its preparation in a pure state by the use of prepared air in substitution 
for ordinary air in the oxygen apparatus. The advance of 35 mg. on the 11 mg. 
by which atmospheric nitrogen is heavier than chemical nitrogen, is indeed not to 
be despised, and the use of prepared air would be convenient if the diffusion appa- 


ratus could be set up on a large scale and be made thoroughly self-acting. 


ke NEGATIVE Exrrerments to Prove tHat ArGoNn Is Not Drrtivep rrom Nrrro- 


GEN FROM CHEMICAL SOURCES. 


Although the evidence of the existence of argon in the atmosphere, derived 
from the comparison of densities of atmospheric and chemical nitrogen and from 
the diffusion experiments, appeared overwhelming, we have thought it undesirable 
to shrink from any labor that would tend to complete the verification. With this 
object in view, an experiment was undertaken and carried to a conclusion on No- 
vember 13th, in which 3 litres of chemical nitrogen, prepared from ammonium 


nitrite, were treated with oxygen in precisely the manner in which atmospheric 


=) oY YT lhe 
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nitrogen had been found to yield a residue of argon. In the course of operations an 
accident occurred, by which no gas could have been lost, but of such a nature that 
from 100 to 200 ¢. ¢. of air must have entered the working vessel. The gas remain- 
ing at the close of the large scale operations was worked up as usual with battery 
and coil until the spectrum showed only slight traces of the nitrogen lines. When 
cold, the residue measured 4 ¢.c. This was transferred, and after treatment with 
alkaline pyrogallate to remove oxygen, measured 3.5 ¢.¢. If atmospheric nitrogen 
had been employed, the final residue should have been about 30 ¢.¢. Of the 3.5 
c. ¢. actually left, a good part is accounted for by the accident alluded to, and the 
result of the experiment is to show that argon is not formed by sparking a mix- 
ture of oxygen and chemical nitrogen. 

A similar set of experiments was carried out with magnesium. The nitrogen, 
of which three litres were used, was prepared by the action of bleaching-powder 
on ammonium chloride. It was circulated in the usual apparatus over red-hot 
magnesium, until its volume had been reduced to about 100 cubie centimetres. An 
equal volume of hydrogen was then added, owing to the impossibility of circula- 
ting a vacuum. The circulation then proceeded until all absorption had apparently 
stopped. The remaining gas was then passed over red-hot copper oxide into the 
Sprengel’s pump, and collected. As it appeared still to contain hydrogen, which 
had eseaped oxidation, owing to its great rarefaction, it was passed over copper 
oxide for a second and a third time, As there was still a residue, measuring 12.5 


cubic centimetres, the gas was left in contact with red-hot magnesium for several 


> 

hours, and then pumped out; its volume was then 4.5 cubic centimetres. Absorption 
was, however, still proceeding when the experiment terminated, for at a low pres- 
sure the rate is exceedingly slow. This gas, on being examined with the spectro- 
scope, contained both hydrogen and nitrogen, and failed to show the red lines of 
argon. The amount of residue attainable from three litres of atmospheric nitrogen 


should have amounted to a large multiple of the quantity actually obtained. 


8. SEPARATION OF ARGON oN A LARGE SCALE. 


To separate nitrogen from “atmospheric” nitrogen on a large scale, by help 
of magnesium, several devices were tried. It is not necessary to describe them all 
in detail. Suffice it to say that an attempt was made to cause a store of “ atmos- 
pheric nitrogen” to circulate by means of a fan, driven by a water-motor. The 
difficulty encountered here was leakage at the bearing of the fan, and the intro- 
duced air, on coming into contact with the magnesium, produced a cake which 


blocked the tube. It might have been possible to remove oxygen by metallic 
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copper 5 but instead of thus complicating the apparatus, a water-Injector was made 
use of to induce circulation. Here also it is unnecessary to enter into details. For, 
though the plan worked well, and although about 120 litres of “atmospheric” 
nitrogen were absorbed, the yield of argon was not large, about 600 cubic centi- 
metres having been collected. This loss was subsequently discovered to be due 
partially at least to the relatively high solubility of argon in water. In order to 
propel the gas over magnesium, through a long combustion-tube packed with turn- 
ings, a considerable water-pressure, involving a large flow of water, was necessary. 
The gas was brought into intimate contact with this water, and presuming that 
several thousand litres of water ran through the injector, it is obvious that a not 
inconsiderable amount of argon must have dissolved. Its proportion was increasing 
at each circulation, and consequently its partial pressure also increased. Hence, 
towards the end of the operation, at least, there is every reason to believe that a 
serious loss had occurred. 

It was next attempted to pass “atmospheric nitrogen” from a gas-holder first 
through a combustion-tube of the usual length packed with metallic copper re- 
duced from the oxide; then through a small U-tube containing a little water, 
which was intended as an index of the rate of flow; the gas was then dried by 
passage through tubes filled with soda-lime and phosphoric anhydride, and it next 
passed through a long iron tube (gas-pipe) packed with magnesium turnings, and 
heated to bright redness in a second combustion-furnace. After the iron tube 
followed a second small U-tube containing water, intended to indicate the rate at 
which the argon escaped into a small gas-holder placed to receive it. The nitrogen 
was absorbed rapidly, and argon entered the small gas-holder. But there was reason 
to suspect that the iron tube is permeable by argon at a red heat. The first tube- 
full allowed very little argon to pass. After it had been removed and replaced by 
a second, the same thing was noticed. The first tube was difficult to clean; the 
nitride of magnesium forms a cake on the interior of the tube, and it was very 
difficult to remove it; moreover, this rendered the filling of the tube troublesome, 
inasmuch as its interior was so rough that the magnesium turnings could only 
with difficulty be foreed down. However, the permeability to argon, if such be 
the case, appeared to have decreased. The iron tube was coated internally with a 
skin of magnesium nitride, which appeared to diminish its permeability to argon, 
After all the magnesium in the tube had been converted into nitride (and this was 
easily known, because a bright glow proceeded gradually from one end of the tube 
to the other), the argon remaining in the iron tube was “ washed” out by a eur- 
rent of nitrogen ; so that, after a number of operations, the small gas-holder con- 


tained a mixture of argon with a considerable quantity of nitrogen. 
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On the whole, the use of iron tubes is not to be recommended, owing to the 
difficulty in cleaning them, and the possible loss through their permeability to 
argon. There is no such risk of loss with glass tubes, but each operation requires 
a new tube, and the cost of the glass is considerable if much nitrogen is to be 
absorbed. Tubes of porcelain were not tried ; but they are hardly likely to sue- 
ceed, for the glaze in the interior would certainly be destroyed by the action of the 
red-hot magnesium, and the roughening of the surface would render them as diffi- 
cult to empty and refill as the iron tubes were found to be. 

By these processes 157 litres of “atmospheric nitrogen” were reduced in 
volume to about 2.5 litres in all of a mixture of nitrogen and argon. This mixture 
was afterwards circulated over red-hot magnesium in order to remove the last 
portions of nitrogen. 

As the apparatus employed for this purpose proved very convenient, a 
full description of its construction is here given. A diagram is shown in Fig. 4 





Fic. 4. 


which sufficiently explains the arrangement of the apparatus. A is the circulator, 
It consists of a sort of Sprengel’s pump (a), to which a supply of mercury is admitted 
from a small reservoir (4). This mercury is delivered into a gas-separator (¢), and 
the mercury overflows into the reservoir (7). When its level rises, so that it 
blocks the tube (f), it ascends in pellets or pistons into a reservoir (@) which is 
connected through (g) with a water-pump. The mercury falls into (2), and again 
passes down the Sprengel-tube (a). No attention is therefore required, for the 
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apparatus works quite automatically. This form of apparatus was first suggested 
by Dr. Collie. 

The gas is drawn from the gas-holder B, and passes through a tube C, which 
is heated to redness by a long-flame burner, and whieh contains in one half metallic 
copper, and in the other half copper oxide. This precaution is taken in order to 
remove any oxygen which may possibly be present, and also any hydrogen or 
hydrocarbon. In practice, it was never found that the copper became oxidized, or 
the oxide reduced. It is, however, useful to guard against any possible contamina- 
tion. The gas next traversed a drying-tube D, the anterior portion containing 
ignited soda-lime, and the posterior portion phosphoric anhydride. It then passed 
through E, a piece of combustion-tube, drawn out at both ends, filled with 
magnesium turnings, and heated by a long-flame burner to redness. After regis. 
tering the rate of circulation by passing a small U-tube with bulbs, filled with 
water, it again entered the gas-holder B. 

After the magnesium-tube E had done its work, the stopeocks were all closed 
and the gas was turned down, so that the burners might cool. The mixture of 
argon and nitrogen remaining in the system of tubes was pumped out by a 
Sprengel’s pump through F, collected in a large test tube, and reintroduced into the 
gas-holder B through the side-tube G, which requires no description. The 
magnesium-tube was then replaced by a fresh one; the system of tubes was 
exhausted of air; argon and nitrogen were admitted from the gas-holder B; the 
copper oxide-tube and the magnesium-tube were again heated ; and the operation 
was repeated until absorption ceased. It was easy to decide when this point had 
been reached, by making use of the graduated cylinder H, from which water 
entered the gas-holder B. It was found advisable to keep all the water employed 
in these operations, for it had become saturated with argon, If gas was withdrawn 
from the gas-holder, its place was taken by this saturated water. 

The absorption of nitrogen proceeds very slowly towards the end of the oper- 
ation, and the diminution in volume of the gas is not greater than four or five cubie 
centimetres per hour. It is therefore somewhat difficult to judge of the end-point, 
as will be seen when experiments on the density of this gas are described. The 
magnesium-tube, towards the end of the operations, was made so hot that the metal 
was melted in the lower part of the tube, and sublimed in the upper part. The 
argon and residual nitrogen had therefore been thoroughly mixed with gaseous 
magnesium, during its passage through the tube E. 

To avoid possible contamination with air in the Sprengel’s pump, the last por- 
tion of gas collected from the system of tubes was not readmitted to the gas-holder 


B, but was separately stored. 
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The argon was collected in two operations. First the quantity made by 
absorption by magnesium in glass tubes with the water-pump circulator was 
purified. Later, after a second supply had been prepared by absorption in iron 
tubes, the mixture of argon and nitrogen was united with the first quantity and 
circulated, by means of the mercury circulator, in the gas-holder B. Attention 
will be drawn to the particular sample of gas employed in describing further 
experiments made with the argon. 

By means of magnesium, about seven litres of nitrogen can be absorbed in an 
hour; the changing of the tubes of magnesium, however, takes some time ; conse- 
quently the largest amount absorbed in one day was nearly thirty litres. 

The principal objection to the oxygen method of isolating argon, as hitherto 
described, is the extreme slowness of the operation. An absorption of 380 ¢. ¢. of 
mixed gas means the removal of but 12 ¢.c. of nitrogen. At this rate eight hours 
are required for the isolation of 1 ¢. c. of argon, supposed to be present in the pro- 
portion of 1 per cent. 

In extending the scale of operations we had the great advantage of the advice 
of Mr. Crookes, who a short time ago called attention to the flame rising from pla- 
tinum terminals which convey a high-teusion alternating electric discharge, and 
pointed out its dependence upon combustion of the nitrogen and oxygen of the air.’ 
Mr. Crookes was kind enough to arrange a demonstration at his own house with a 
smal] alternating current plant, in which it appeared that the absorption of mixed 
gas was at the rate of 500 ¢. ¢. per hour, or nearly twenty times as fast as with the 
battery. The arrangement is similar to that first deseribed by Spottiswoode* The 
primary of a Ruhmkorff coil is connected directly with the alternator, no break or 
condenser being required, so that in fact the coil acts simply as a high-potential 
transformer. When the are is established the platinum terminals may be separated 
beyond the initial striking distance. 

_ The plant with which the large scale operations have been made consists of a 
De Meritens alternator, kindly lent by Professor J. J. Thomson, anda gas-engine. As 
transformer, one of Swinburne’s hedgehog pattern has been employed with success, 
but the ratio of transformation (24:1) is scarcely sufficient. A higher potential, 
although perhaps not more efficient, is more convenient. The striking distance is 
greater, and the are is not so liable to go out. Accordingly most of the work to 
be described has been performed with transformers of the Ruhmkorff type. 

The apparatus has been varied greatly, and it cannot be regarded as having 
even yet assumed a completely satisfactory and final form. But it will give a suffi- 


' Chemical News, vol. LXV, p. 301, 1892. 
7 A mode of exciting an induction-coil. Piladelphia Magazine, vol. VIII, p. 399, 1829. 
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cient idea of the method if we describe an experiment in which a tolerably good 
account was kept of the air and oxygen employed. ‘The working vessel was a glass 
flask of about 1500 c¢. ¢. capacity, and stood neck downwards over a large jar of 


oO 
=] 


alkali. -As in the small scale experiments the leading-in wires were insulated by 


glass tubes, suitably bent and carried through the liquid up the neck. For the 
greater part of the length iron pipes were employed, but the internal extremities 
were of platinum, doubled upon itself at the terminals from which the discharge 
escaped. The glass projecting tubes must be carried up for some distance above 
the internal level of the liquid, but it is desirable that the are itself should not be 
much raised above that level. A general idea of the disposition of the electrodes 
will be obtained from the figure (5). To ensure gas tightness these bends were 
oceupied by mercury. A tube for the supply or withdrawal of gas was carried 
in the same way through the neck. 








The Ruhmkorff employed in this operation was one of medium size. When 
the mixture was rightly proportioned and the are of full length, the rate of absorp- 
tion was about 700 c. c. per hour. A good deal of time was lost in starting, for 
especially when there is soda on the platinum, the are is liable to go out if length- 
ened prematurely. After seven days the total quantity of air led in amounted to 
7925 c. c. and of oxygen (prepared from chlorate of potash) 9137 ¢.¢ On the 
eighth and ninth days oxygen alone was added, of which about 500 ¢. ¢, was con- 
sumed, while there remained about 700 e. c. in the flask. Hence the proportion in 
which the air and oxygen combined was as 79:96. On the eighth day there was 
about three hours’ work, and the absorption slackened off to about one-quarter of 
the previous rate. On the ninth day (September 8th) the rate fell off still more, 
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and, after three hours’ work, became very slow. The progress towards removal of 
nitrogen was examined from time to time with the spectroscope, the points being 
approximated and connected with a small Leyden jar. At this stage the yellow 
nitrogen line was faint, but plainly visible. After about four hours’ more work the 
yellow line had disappeared, and for two hours there had been no visible contrac. 
tion. It will be seen that the removal of the last part of the nitrogen was very 
slow, mainly on account of the large excess of oxygen present. 

The final treatment of the residual 700 ¢. c. of gas was on the model of the 
small scale operations already described. 

By means of a pipette the gas was gradually transferred to a large test tube 
standing over alkali. Under the influence of sparks (from battery and coil) pass- 
ing all the while, the superfluous oxygen was consumed with hydrogen fed in 
slowly from a voltameter. If the nitrogen had been completely removed, and if 
there were no unknown ingredient in the atmosphere, the volume under this treat- 
ment should have diminished without limit. But the contraction stopped at a 
volume of 65 ¢. ¢., and the volume was taken backwards and forwards through 
this as a minimum by alternate treatment with oxygen and hydrogen added in small 
quantities, with prolonged intervals of sparking. Whether the oxygen or the 
hydrogen were in excess could be determined at any moment by a glance at the 
spectrum. At the minimum volume the gas was certainly not hydrogen or oxygen. 
Was it nitrogen? On this point the testimony of the spectroscope was equally 
decisive. No trace of the yellow nitrogen line could be seen even with a wide shit 
and under the most favorable conditions. 

When the gas stood for some days over water the nitrogen line again asserted 
itself, and many hours’ sparking with a little oxygen were required again to get rid 
of it. As it was important to know what proportions of nitrogen could be made 
visible in this way, a little air was added to gas that had been sparked for some 
time subsequently to the disappearance of nitrogen in its spectrum. It was found 
that about 14 per cent was clearly, and about 8 per cent was conspicuously, 
visible. About the same numbers apply to the visibility of nitrogen in oxygen 
when sparked under these conditions, that is, at atmospheric pressure, and with a 
jar in connection with the secondary terminals. 

When we attempt to increase the rate of absorption by the use of a more 
powerful electric are further experimental difficulties present themselves. In the 
arrangement already described, giving an absorption of 700 ¢.¢. per hour, the upper 
part of the flask becomes very hot. With a more powerful are the heat rises to 
such a point that the flask is filled with steam and the operation comes to a standstill. 


The remedy is to be found in the use of a larger vessel submerged, at any rate as 





ARGON, A NEW CONSTITUENT OF THE ATMOSPHERE. 29 


regards its upper portion, in water. In the later experiments a globe of about 
7 litres capacity, intended for showing the combustion of phosphorus in oxygen, 

ras employed. The neck was inclined upwards at an angle of about 45° and was 
closed air-tight by a cork, through which were led the necessary tubes, The lower 
part of the globe is occupied by about 3 litres of a 5 per cent solution of caustic 
soda, the solution rising to within about half an inch of the platinum terminals. The 
upper half of the globe is kept cold by water applied externally. With this 


about 





apparatus an absorption of 3 litres of mixed gas per hour can be attained, 


3000 times the rate at which Cavendish could work. 
9. Dernsiry or Arcon PrepaREeD By Means or OXYGEN. 


No direct determination has yet been made of the density of argon isolated by 
the oxygen method, but a fair estimate may be founded upon the data relating to 
the volumes already recorded, on the assumption that the accurately known densi- 
ties of atmospheric and chemical nitrogen differ on account of the presence of argon 
in the former and that during the treatment with oxygen nothing is oxydized ex- 
cept nitrogen, Thus if 


D = density of chemical nitrogen, 
Dir== = atmospheric nitrogen, 
d= cs argon, 
lL. = proportional volume of argon in atmospheric nitrogen, 
the law of mixtures gives : 
de-!=4( a) r=! 
D'—D 
or Gl = 1p) $6 
Iu 


In this formula D’ — D and L are both small, but they are known with fair 
accuracy. From the data already given 
L = —-— 
-79 X 7925 
whence if (on an arbitrary scale of reckoning) D = 2.2990, D’ = 2.3102, we find 
d = 3.378. Thus if N, be 14 or O, be 16, the density of argon is 20.6. 
It had been hoped that further data might have been obtained respecting the 
proportional volume of argon in atmospheric nitrogen, but accidents difficult to 


avoid in operations so risky and so extended have hitherto stood in the way. 
10. Denstry or Argon Preparep By Mnans or MaGnestum. 


It has already been stated that the density of the residual gas from the first 


and preliminary attempt to separate oxygen and nitrogen from air by means of 
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magnesium was 19.086, and allowing for contraction on sparking with oxygen the 
density is calculable as 20.01. The following determinations of density were also 
made : 

(a) After absorption in glass tubes, the water circulator having been used, and 
subsequent circulation by means of mercury circulator until the rate of contraction 


had grown slow : 


162.843 cubie centimetres, measured at 757.7 mm. (corr.) pressure and 
16°.81 C., weighed 0.2683 gramme. Hence, 
Weight of. 1 litrevat.o and/760°mm=...g.«c.ee e o 1.7541 grammes. 
Density compared with hydrogen (O = 16)............ 19.64 


This gas was again circulated over red-hot magnesium for two days. Before 
circulation it contained nitrogen, as was evident from its spectrum ; after cireu- 
lating, nitrogen appeared to be absent, and absorption had completely stopped, and 
the density was again determined. ; 

(b) 162.843 cubic centimetres, measured at 745.4 mm. (corr.) pressure and 
17°.25 C., weighed 0.2735 gramme. Hence, 


Weight of rlitre at o: and) 7.60 mpiin spre sa cisrersts amiolotrs 1.8206 grammes. 
Density compared with hydrogen (O = 16)............ 20.38 


Several portions of this gas having been withdrawn for various purposes were 
somewhat contaminated with air, owing to leakage, passage through the pump, ete. 
All these portions were united in the gas-holder with the main stock, and cireulated 
for eight hours, during the last three of which no contraction occurred. The gas 
removed from the system of tubes by the mercury-pump was not restored to the 
gas-holder, but kept separate. 

(c) 162.843 cubic centimetres, measured at 758.1 mm. (corr.) pressure and 
17°.09 C., weighed 0.27705 gramme. Hence, 


Weight of 3 litre ato and 760 mm................. 1.8124 grammes. 
Density compared with hydrogen (O = 16)........... 20.28 


The contents of the gas-holder were subsequently increased by a mixture of 
nitrogen and argon from 37 litres of atmospheric nitrogen, and after circulating, 
density was determined. The absorption was, however, not complete. 

(d) 162.843 cubic centimetres, measured at 767.6 mm. (corr.) pressure and 
16°.31 C., weighed 0.2703 gramme. Hence, 


Weight of 1 litre at o° and 760mm) we os os cee venient: 1.743 grammes. 
Density compared with hydrogen (O = 16)............ 19.54 
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The gas was further circulated, until absorption had apparently ceased. This 
took about 6 hours. Density was again determined. 

(e) 162.843 cubic centimetres, measured at 767.7 mm. (corr.) pressure and 
15°.00 C., weighed 0.2773 gramme. Hence, 


Weightrofeniitre’at‘o: and 76o'mm).. 0.220. e es 1.7784 grammes, 
Density compared with hydrogen (O = 16)........... 19.90 


(f) A second determination was carried out, without further circulation. 


162.843 cubic centimetres, measured at 769.0 mm. (corr.) pressure and 16°.00 


C., weighed 0.2773 gramme. Hence, 


Wieirvhtaoterilitre atios and \76o'mmM> cc ..s wcities ees 1.7820 grammes. 
Density compared with hydrogen (O = 16)........... 19.94 


It is better to leave these results without comment at this point, and to return 


to them later. 
11. Sprorrum or ARGON. 


Vacuum tubes were filled with argon prepared by means of magnesium at 
various stages in this work, and an examination of these tubes has been kindly 
undertaken by Mr. Crookes, to whom we wish to express our cordial thanks for 
the exhaustive study to which he has subjected its spectrum. ‘The first tube was 
filled with the early preparation, of density 19.09, which obviously contained some 
nitrogen. A photograph of its spectrum was taken, and compared with a photo- 
graph of the spectrum of nitrogen; and it was at once evident that a spectrum 
different from that of nitrogen had been registered. 

The second specimen of argon submitted to examination was that of density 
20.88. The light emitted from it is of a crimson color, with a blue or lilac shade. 
The electrodes were of platinum. The spectrum seen in this tube has nothing in 
common with that of nitrogen, nor indeed, so far as we know, with that of any 
known substance. But one peculiarity must be chronicled. When the current is 
passed from the induction coil in one direction, that end of the capillary next the 
positive pole appears of a redder, and that next the negative pole of a bluer hue. 
An explanation of this phenomenon is probably to be found in a paper by Mr. 
EK. C. C. Baly,' in which he describes experiments on a mixture of two gases. One 
of his final conclusions is: 

“That when an electric current is passed through a rarefied mixture of two 


gases, one is separated from the other and appears in the negative glow.” We 


1 Procetdings of the Physical Society, 1893, Pp. 147. 
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regard it therefore as not improbable that the residual gas from the atmosphere, 
which we have up to now termed “argon,” may be in reality a mixture of two 
gases, which have not as yet been separated. Should this hypothesis turn out to 
be correct on further examination, we propose for the name of the second gas 
“apathes,” both words suggesting inactivity ; that these names are justified will 
appear when the attempts to form compounds of the gases are described. For 
the present, however, we shall term the gas, or the mixture, “ argon.” 

It was found possible by Mr. Crookes to partially separate the spectra by 
directing the slit of the spectroscope at one end of the capillary tube. He has 
kindly furnished us with the following table of approximate wave-lengths, The 
numbers indicate the relative intensity of the lines, 10 denoting a line of maximum 
brightness. The results are the means of three sets of very concordant measure- 
ments. 
































i | 

i | EL | i Ul. 
Red. Blue. Tis uy Red. Blue. Ie Il. 

(=) | (—) (+) (=) 
612.0 — | 6 561.0 561.0 9 6 
609 .9' 4 — 556.7 556.7 : : 
605.8 605.8 a || 2 555-8 555-8 10 | 8 
604.4 604.4 3 | 3 552.0 eee ee 
603.2 603.2 8 38 550.1 550.1 Z| I 
592.6 592.6 4 | 4 549-8 549-8 8 8 
590.9 590.9 6 5 545-6 545-6 6 6 
588.7° 588.7 | 6 | 7 | 544-6 2 — 
585.8 — 4 _ 542.1 542.1 4 2 
583-4 = 2 = 528.9 = 4 
580.3 ee I _ 525.8 525.8 6 6 
577-1 577-1 2 I 521-5 521-5 7 7 
574-6 574.6 6 4 | 519.2 10 = 
568.5° == 2 = 516.1 516.1 9 9 
5604.5 564.5 9 6 514.0 — 10 
506.2 506.2 4 10 
501.4 501.4 4 2 
500-7 ae - 9 





‘Centre of a hazy band, probably resolvable. 
* Sharp edge of wide line extending to 588.0. 
* Hazy line. 
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T. I. I. I. 
Red. Blue. hs Il. Red. Blue. i | II. 
Cr (=); | (+) (—) 

496.3 496.3 4 9 | 448.2 aaa 6 
493-8 493.8 2 10 443 | 443.0 8 10 
487.8 487.8 4 10 439-7 439-7 2 To 
485.3 485.3 2 9 | 438.0 = 8 
480.1 480.1 6 10 = | 437-1 2 8 
476.7 476.7 4 9 434-7 | 434.7 4 10 
473-5 473-5 2 9 433-8 | 433.8 9 9 
473-0 473-0 2 9 430-4 430-4 Si 5 
470.2 470.2 8 8 427.2 | 427.2 3] 8 

466.0 — IO 426.2 426.2 6 | 6 
462.5 6 = 425.6 425.6 6 3 
401.3 401.3 6 10 420.0 420.0 9 8 
459.6 459.6 2 9 415.6 415.6 Oi | 
458.1 458.1 2 9 | 

454-7 =F 9 
451.3 451.3 9 2 | 





Two of the most characteristic lines, which are easily seen in an ordinary 
pocket spectroscope, and which served at once to identify the gas, are in the least 
refrangible part of the red end of the spectrum. Their wave-lengths are 696.56, 
705.64 M, They cannot be mistaken for lines of any other substance, because 
they are so much less refrangible than any other conspicuous red lines, We 
append a slip on which Mr. Crookes has registered the lines of both spectra. 

Mr. Crookes has compared the spectra of the two samples of gas, one prepared 
by means of magnesium, the other by sparking with oxygen ; the gases were both 
in vacuum tubes. He says: 

“There can be no doubt as to their identity in all the chief lines.” Professor 
Schuster has also kindly made a comparison of the spectra of the two samples of 
gas, using a Leyden jar, and sparking at atmospheric pressure. He states that the 
ten chief lines of both spectra are identical. These observations place it beyond 
question that the gas produced by both processes is the same in the main; but 
until the absolute identity of both spectra is proved, it is possible that one sample 


may contain some gas not present in the other. 


12. Sotusmiry or Arcon tx WATER. 


The tendency of the gas to disappear when manipulated over water in small 
quantities having suggested that it might be more than usually soluble in that 
liquid, special experiments were tried to determine the degree of solubility, 

The most satisfactory measures relating to the gas isolated by means of oxygen 
were those of September 28th. The sample contained a trace of oxygen, and (as 
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judged by the spectrum) a residue of about 2 per cent of nitrogen. The procedure 
and the calculations followed pretty closely the course marked out by Bunsen,’ and 
it is scarcely necessary to record the details. The quantity of gas operated upon 
was about 4 ¢.¢., of which about 14 ¢.¢. were absorbed. The final result for the 
solubility was 0.0394 at 12° C., about 24 times that of nitrogen. 

Similar results have been obtained with argon prepared by means of magne- 
sium. Ata temperature of 13°.9, 131 arbitrary measures of water absorbed 5.3 of 
argon. This corresponds to a solubility in distilled water, previously freed from 
dissolved gas by boiling in vacuo for a quarter of an hour, and admitted to the 
tube containing argon without contact with air, of 4.05 c.c. of argon per 100 of 
water. 

The fact that the gas is more soluble than nitrogen would lead us to expect it 
in increased proportion in the dissolved gases of rain water. Experiments have 
been devised to test this conjecture, but hitherto time has been wanting for carry- 
ing them out. As regards spring water, it is known that many thermal springs 
emit considerable quantities of gas, hitherto regarded as nitrogen. The question 
early occurred to us, as to what proportion, if any, of the new gas was contained 
therein. A notable example of a nitrogen spring is that at Bath examined by 
Daubeny in 1833. With the permission of the authorities of Bath, Dr. Arthur Rich- 
ardson was kind enough to collect for us about 10 litres of the gases discharged 
from the King’s Spring. A rough analysis on reception showed that it contained 
searcely any oxygen and but little carbon dioxide. Two determinations of density 
were made, the gas being treated in all respects as air, prepared by diffusion and 
unprepared, was treated for the isolation of atmospheric nitrogen. The results 


were: 
Octoberizgth ma ge cyes.t-rctercieeuel- oe ee ele eerie treneentee lene yee 2.30513 
November. 7 thisss. ya c1~ cress: oiofe sim) sta apae eat tet stele Pantene eee ote 2.30532 
IMIG aR care eteve' ors syeus ctw inseie mister sta ove aisielaee oars Intent eee eats 2.30522 


The weight of the “nitrogen” from the Bath gas is thus about half-way between 
5 D> 5 y 
that of chemical and “atmospheric” nitrogen, suggesting that the proportion of 


argon is /ess than in air, instead of greater, as had been expected. 
13. Arrempr at LiquEracrion. 


Up till now, argon has not been liquefied. A simple experiment has been 
made with the original sample of gas, of density 19.1, which certainly contained a 
considerable amount of nitrogen. On compressing it in a pressure-apparatus to 


* Gasometry, p. 141. 
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between 80 and 100 atmospheres, and cooling to 90° by means of boiling nitrous 
oxide, no appearance of liquefaction could be observed. 


Further experiments in this direction are in contemplation. 


14, Tne Ramo or tHe Sprctric Heats or ARGON. 


In order to gain knowledge regarding the elementary or compound nature of 
argon, experiments were made on the velocity of sound in it. It will be remem- 
bered that from the velocity of sound, the ratio of the specific heat at constant 
pressure to that at constant volume can be deduced by means of the equation 

e Cs 

nk =v= N-(1 + at) — 

d CG; 
where ) is the wave-length of the sound, v its velocity, e the isothermal elasticity, 
d, the density, (1 + a t) the temperature-correction, ©, the specific heat at constant 


pressure, and C, that at constant volume. In comparing two gases at the same 


oO 
DS 
temperature, each of which obeys Boyle’s law with sufficient approximation, many 
of these terms disappear, and the ratio of specific heats of one gas may be deduced 


from that of the other, if known, by the simple proportion 
A? di: A? d! s: 1.40 2 x 


where for example \ and d refer to air, of which the ratio is 1.41, according to 
observations by Réntgen (1.4053), Willner (1.40538), Kayser (1.4106), and Jamin 
and Richard (1.41). 

The apparatus adopted, although in principle the same as that usually em- 
ployed, differed somewhat from the ordinary pattern, inasmuch as the tube was a 
narrow one of 2 mm. bore, and the vibrator consisted of a glass rod, sealed into one 
end of the tube, so that about 15 em. projected outside the tube while 15 cm. was 
contained in the tube. By rubbing the projecting part longitudinally with a rag 
wet with alcohol, vibrations of exceedingly high pitch took place, causing waves in 
the gas, which registered their nodes by the usual device of lyeopodium powder. 
The temperature was that of the atmosphere and varied little from 17°.5; the pres- 
sure was also atmospheric, and varied only one millimetre during the experiments. 
Much of the success of these experiments depends on so adjusting the length of the 
tube as to secure a good echo, else the wave-heaps are indistinct. But this is easily 
attained by attaching to its open end a piece of thick-walled india-rubber tubing, 
which can be closed by a clip at a spot which is found experimentally to produce 


good heaps at the nodes. 
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The accuracy of this instrument has frequently been tested ; but fresh experi- 
ments were made with air, carbon dioxide, and hydrogen, so as to make certain that 
reasonably reliable results were obtainable. Of these an account is here given. 


Gas in No. of observations Half Ratio Cp 
tube. in each set. wave-length. Cy 
1. Il. Me Il. 
Air 3 2 19.60 19.59 1.410 Assumed. 
CO, 3 — 15.11 as 1.276 Found. 
H, 3 — 73.6 _ 1.376 Found. 


To compare these results with those of previous observers, the following numbers 
were obtained for carbon dioxide: Cazin, 1.291; Réntgen, 1.805; De Lucchi, 1.292 ; 
Muller, 1.265; Willner, 1.311; Dulong, 1.839; Masson, 1.274; Regnault, 1.268 ; 
Amagat, 1.299; and Jamin and Richard, 1.29. It appears just to reject Dulong’s 
number, which deviates so markedly from the rest ; the mean of those remaining is 
1.288, which is in sufficient agreement with that given above. For the ratio of the 
specific heats of hydrogen, we have: Cazin, 1.410; Réntgen, 1.885 ; Dulong, 1.407 ; 
Masson, 1.401; Regnault, 1.400; and Jamin and Richard, 1.410. The mean of 
these numbers is 1.402. This number appears to differ considerably from the one 
given above. But it must be noted, first, that hydrogen is difficult to obtain per- 
fectly pure ; second, that the wave-length which should have been found is 74.5, a 
number differmg but little from that actually found; third, that the waves were 
long and that the nodes were somewhat difficult to place exactly ; and fourth, that 
the atomic weight of hydrogen has been taken as unity, whereas it is more likely to 
be 1.01, if oxygen, as was done, be taken as 16. The atomic weight 1.01 raises the 
found value of the ratio to 1.391, a number differing but little from the mean value 
found by other ohservers. 

Having thus established the trustworthiness of the method we proceed to de- 
scribe our experiments with argon. 

Five series of measurements were made with the sample of gas of density 
19.943. It will be remembered that a previous determination with the same gas 
gave as its density 19.904. The mean of these two numbers was therefore taken as 
correct, viz., 19.923. 


The individual measurements are : 


I: UT. Ill. Ve Ve Mean. 
18.16 18.14 18.02 18.¢4 18.03 18.08 mm. 


for the half wave-length. Calculating the ratio of the specific heats, the number 
1.653 is obtained. 


——— a 
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Tt will be noticed that this is the theoretical ratio for a monatomic gas, that is, 
a gas in which all energy imparted to it in raising its temperature at constant 
volume is expended in generating translational motion. The only other gas of 
which the ratio of specific heats has been found to fulfil this condition is mereury 
at a high temperature.’ The extreme importance of these observations will be dis- 


cussed later. 


15. Arremprs to [InpucE CHEMICAL CoMBINATION. 


A great number of attempts were made to induce chemical combination with 
the argon obtained by use of magnesium, but without any positive result. In such 
a case as this, however, it is necessary to chronicle negative results, if for no other 
reason but that of justifying the name, argon. ‘These will be detailed in order. 

(a) Oxygen in presence of caustic alkali—This need not be further discussed 
here; the method of preparing argon is based on its inactivity under such con- 
ditions. 

(b) Hydrogen.—It has been mentioned that in order to free argon from 
excess of oxygen, hydrogen was admitted, and sparks passed to cause combination 
of hydrogen and oxygen. Here again caustic alkali was present, and argon ap- 
peared to be unaffected. 

A separate experiment was, however, made in absence of water, though no 
special pains was taken to dry the mixture of gases. The argon was admitted 
up to half an atmosphere pressure into a bulb, through whose sides passed plati- 
num wires, carrying pointed poles of gas-carbon. Hydrogen was next admitted 
until atmospheric pressure had been obtained. Sparks were then passed for four 
hours by means of a large induction coil, actuated by four storage cells. The gas 
was confined in a bulb closed by two stopcocks, and a small U-tube with bulbs, 
like that shown in Fig. 4 was interposed, to act as a gauge, so that if expansion or 
contraction had taken place, the escape or entry of gas would be observable. The 
apparatus, after the passage of sparks, was allowed to cool to the temperature of 
the atmosphere, and on opening the stopcock the level of water in the U-tube 
remained unaltered. It may therefore be concluded that, in all probability, no com 
bination had occurred ; or that if it had, it was attended with no change of volume. 

(c) Chlorine—Exactly similar experiments were performed with dry, and 
afterwards with moist, chlorine. ‘The chlorine had been stored over strong sulphu- 
ric acid for the first experiment, and came in contact with dry argon. Three hours’ 
sparking produced no change of volume. A drop of water was admitted into the 
bulb. After four hours’ sparking, the volume of the gas, after cooling, was 


>) 


* Kundt and Warburg, Pogg. Anm., 127, p. 497, and 135, pp. 337 and 527, and 157, p. 353- 
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diminished by about 54, cubic centimetre, due probably to the solution of a little 


chlorine in the small quantity of water present. 
A piece of combustion-tubing, closed at one end, containing 





(d) Phosphorus. 
at the closed end a small piece of phosphorus, was sealed to the mercury reservoir 
containing argon; connected to the same reservoir was a mercury gauge, and a 
Sprengel’s pump. After removing all air from the tubes argon was admitted to a 
pressure of 600 mm. The middle portion of the combustion-tube was then heated 
to bright redness, and the phosphorus was distilled slowly from back to front, 
so that its vapor should come into contact with argon at ared heat. When the gas 
was hot, the level of the gauge altered; but on cooling, it returned to its original 
level, showing that no contraction had taken place. The experiment was repeated 
several times, the phosphorus being distilled through the red-hot tube from open 
to closed end, and vice versa. In each case, on cooling, no change of pressure was 
observed. Hence it may be concluded that phosphorus at a red heat is without 
action on argon, It may be remarked parenthetically that no gaseous compound 
of phosphorus is known which does not possess a volume different from the sum 
of those of its constituents. That no solid compound was formed is sufficiently 
proved by the absence of contraction. The phosphorus was largely converted 
into the red modification during the experiment. 

(e) Sulphur—aAn exactly similar experiment was performed with sulphur, 
again with negative results. It may therefore be concluded that sulphur and argon 
are without action on each other at a red heat. And again, no gaseous compound ~ 
of sulphur is known in which the volume of the compound is equal to the sum of 
those of its constituents. 

(f) Lelurium.——aAs this element has a great tendency to unite with heavy 
metals, it was thought worth while to try its action. In this, and in the experi- 
ments to be described, a different form was given to the apparatus. The gas 
was circulated over the reagent employed, a tube containing it being placed in the 
circuit. The gas was dried by passage over soda-lime and phosphoric anhydride ; 
it then passed over the tellurium or other reagent, then through drying tubes, and 
then back to the gas-holder, That combination did not occur was shown by 
the unchanged volume of gas in the gas-holder; and it was possible, by means 
of the graduated cylinder which admitted water to the gas-holder, to judge of 
as small an absorption as half a cubic centimetre. The tellurium distilled readily 
in the gas, giving the usual yellow vapor; and it condensed quite unchanged, 
as a black sublimate. The volume of the gas, when all was cold, was unaltered. 

(g) Sodium.—aA piece of sodium weighing about half a gramme was heated 
in argon, It attacked the glass of the combustion-tube, which it blackened, owing 
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to liberation of silicon, but it distilled over in drops into the cold part of the 
tube. Again no change of volume occurred, nor was the surface of the distilled 
sodium tarnished; it was brilliant, as it is when sodium is distilled 7 vacuo. 
It may probably also be concluded from this experiment that silicon, even while 
being liberated, is without action on argon. 

The action of compounds was then tried; those chosen were such as lead to 
oxides or sulphides. Inasmuch as the platinum-metals, which are among the most 
inert of elements, are attacked by fused caustic soda, its action was investigated. 

(h) Fused and red-hot caustic soda.—TVhe soda was prepared from sodium, in 
an iron boat, by adding drops of water cautiously to a lump of the metal. When 
action had ceased, the soda was melted, and the boat introduced into a piece of 
combustion-tube placed in the circuit. After three hours’ circulation no contrac- 
tion had occurred. Hence caustic soda has no action on argon. 

(i) Soda-lime at a red heat—Thinking that the want of porosity of fused 
caustic soda might have hindered absorption, a precisely similar experiment was 
carried out with soda-lime, a mixture which can be heated to bright redness 
without fusion. Again no result took place after three hours’ heating. 

(j) Hused potassium nitrate was tried under the impression that oxygen plus 
a base might act where oxygen alone failed. The nitrate was fused and kept at a 
bright-red heat for two hours, but again without any diminution in volume of 
the argon. 

(k) Sodium perowide.—Y et another attempt was made to induce combination 
with oxygen and a base, by heating sodium peroxide to redness in a current of 
argon for over an hour, but also without effect. It is to be noticed that metals of 
the platinum group would have entered into combination under such treatment. 

(1) Persulphides of sodium and calcium.—Soua-lime was heated to redness in 
an open crucible, and some sulphur was added to the red-hot mass, the lid of the 
erucible being then put on. Combination ensued, with formation of polysulphides 
of sodium and calcium. This product was heated to redness for three hours in a 
brisk current of argon, again with negative result. Again, metals of the platinum 
group would have combined under such treatment. 

(m) Some argon was shaken in a tube with nitro-hydrochlorie acid. On addi- 
tion of potash, so as to neutralize the acid, and to absorb the free chlorine and 
nitrosyl chloride, the volume of the gas was barely altered. The slight alteration 
was evidently due to solubility in the aqueous liquid, and it may be concluded 
that no chemical action took place. 

(n) Bromine water was also without effect. ‘The bromine vapor was removed 


with potash. 
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(o) Lastly, a mixture of potassium permanganate and hydrochloric acid, in- 
volving the presence of nascent chlorine, had no action, for on absorbing chlorine 
by means of potash, no alteration in volume had occurred. 

We do not claim to have exhausted the possible reagents. But this much is 
certain, that the gas deserves the name “argon,” for it is a most astonishingly in- 
different body, inasmuch as it is unattacked by elements of very opposite character, 
ranging from sodium and magnesium on the one hand, to oxygen, chlorine, and 
sulphur on the other. It will be interesting to see if fluorine also is without action, 
but for the present that experiment must be postponed, on account of difficulties 


of manipulation. 


16. Grnerat Concrusions. 


It remains, finally, to discuss the probable nature of the gas or gases which 
we have succeeded in separating from atmospheric air, and which we provisionally 
name argon. 

That argon is present in the atmosphere, and is not manufactured during the 
process of separation, is amply proved by many lines of evidence. 

First: Atmospheric nitrogen has a high density, while chemical nitrogen is 
lighter. That chemical nitrogen is a uniform substance is proved by the identity 
of properties of samples prepared by several different processes, and from several 
different compounds. It follows, therefore, that the cause of the high density of 
atmospheric nitrogen is due to the admixture with a heavier gas. If that gas 
possesses the density of 20 compared with hydrogen as unity, atmospheric nitrogen 
should contain of it approximately one per cent. This was found to be the 
case, for on causing the nitrogen of the atmosphere to combine with oxygen 
in presence of alkali, the residue amounted to nearly one per cent. 

Second: This gas has been concentrated in the atmosphere by diffusion. It is 
true that it has not been freed from oxygen and nitrogen by diffusion, but the 
process of diffusion increases relatively to nitrogen the amount of argon in that 
portion which does not pass through the porous walls. That this is the case is 
proved by the increase of density of that mixture of argon in nitrogen. 

Third: It is in the highest degree improbable that two processes, so different 
from each other as those which have yielded argon should each manufacture the 
same product. The explanation is simple if it be granted that these processes 
merely eliminate nitrogen from an atmospheric mixture. 

Fourth : It has been shown that pure nitrogen prepared from its compounds 
leaves an insignificant residue when caused to enter into combustion with oxygen 
or with magnesium. 
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There are many other lines of argument which suggest themselves; but we 
think it will be acknowledged that those given above are sufficient to establish the 
existence of argon in the atmosphere, 

It is practically certain that the argon prepared by means of electric sparking 
with oxygen is in the main identical with argon prepared by aid of magnesium. 
The samples have in common: 

First: Spectra which already have been shown to be identical as regards the 
ten brightest lines. 

Second: They have approximately the same density. It is true that an actual 
determination of the density of the sample prepared by sparking has not been 
carried out; but its density, determined indirectly, agrees with sufficient approxi- 
mation with that found for the sample prepared by means of magnesium. 

Third : The two samples have practically the same solubility in water. 

The question whether argon is of an elementary or a compound nature is 
settled according to the usually accepted theory by the ratio of its specific heats in 
favor of the former supposition. The argument may be stated thus: The kinetic 
energy of a gas, due to the motion of its molecules, is proportional to the absolute 


temperature. A rise of temperature increases the kinetic energy both of the 


molecules as a whole, as well as of the atoms which are constituents of the 
molecules. If, however, the gas-molecule consists of a single atom, inter-atomic 
motion within the molecule is excluded, and the motion of the molecule through 
space, or its translational motion, alone remains to be considered. The specific 
heat at constant volume, C,, of a gas whose molecules consist of free atoms corre- 
sponds only to the energy due to their translation through space. The specific 
heat at constant pressure includes besides the heat equivalent of work done during 
expansion. The work done by gases during expansion, however, is practically 
equal for all gases, seeing that their coeflicients of expansion and compressibility 
are practically the same. This quantity can easily be calculated to be 2.00 calories 
per gram-molecule for a pressure of 760 mm. and arise of temperature of 1° C. 
The ratio of the kinetic energy of a gas due to the translational motion of its 
molecules to the total energy contained in the gas has been shown by Clausius * to 


be expressed by the equation 


where K is the energy of the moving molecules, and H the total energy contained 


' Poggendorff’s Annalen, 1857, 100, p. 377- 
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in the gas, both expressed as heat; C, is caused both by molecular and atomic 
motion. Now as the specific heats are practically independent of temperature, 


K, ce Ky 3 AGa = c) 


H,—H, Gy 








H, —H, =C.,, or specific heat at constant volume; and K, — K,, which may be 
termed M, is the proportion of this heat which is employed in producing and 


maintaining translational motion of the molecules. Therefore 


M § (C, — C,) Go G 2 
—_—-= ; and ———— = — 


Cr GS M 3 








In words, the heat used in expanding the gas bears to the heat producing molecular 
motion 2:3. Hence the ratio M = X 2.00 = 3.00. The specific heat of the 
molecular weight taken in grammes of a monatomic gas is therefore 3.00 calories for 
constant volume, and for constant pressure, 3.00 + 2.00 = 5.00. The ratio between 
these numbers is 1:1.66; and this ratio has been found experimentally for mercury 
gas by Kundt and Warburg (/oe. cit.). That it has also been found for argon is 
equally a proof of the monatomic nature of its molecules. A monatomic gas can 
only be an element, or a mixture of elements, and hence it follows that argon is 
not of a compound nature, 

From Avogadro’s law, the density of a gas is half its molecular weight ; now 
the density of argon is approximately 20, hence its molecular weight must be 40. 
But its molecule is identical with its atom; hence its atomic weight, or, if it be a 
mixture, the mean of the atomie weights of the constituents of that mixture, regard 
being had to the proportion in which they are present, must be 40. 

Chemists will recognize this fact as of the most startling nature; but the 
data are clear, and we can only welcome any confirmation by independent 
experimenters, 

We are not yet able to state with certainty whether argon is a mixture, or, if 
it be, of how many elements it consists. The spectroscopic evidence points in 
favor of at least two components ; but of itself it is not conclusive. Attempts will 
be made to effect a separation, if possible, of the elements which give such dis- 
similar spectra, when the current passes from positive to negative, or in the 
contrary direction. But, as yet, time has not allowed of any experiments with such 
an object. 

The relation of argon to other elements remains to be discussed. We inclined 
for long to the view that it (or they) was possibly the representative of the three 
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elements which might be expected to follow fluorine in the periodic table. Such 
elements should have atomic weights between 19, the atomie weight of fluorine, 
and 28, the atomic weight of sodium. But this view is completely put out of 
court by the discovery of the monatomic nature of its molecules. We are therefore 
led to look for a gap for an element of atomic weight 40. The series in this neigh: 
borhood is: Chlorine 35.5; a possible trio of elements with atomic weights between 
that of chlorine and that of potassium; potassium 39; calcium 40; scandium 44. 
There can be no doubt that potassium, calcium, and scandium follow legitimately 
their predecessors in the vertical columns, lithium, beryllium, and boron; and 
that they are in almost certain relation with rubidium, strontium, and (but not 
so certainly) yttrium. If argon be a single element then there is reason to 
doubt whether the periodic classification of the elements is complete ; whether, in 
fact, elements do not exist which cannot be fitted among those of which it is 
composed. On the other hand, if argon be a mixture of two elements they might 
find place in the eighth group; one after chlorine, and the other after bromine. 
Necessarily the last must needs be present in very small proportion. 

In conclusion, it need excite no astonishment that argon is so indifferent to 
reagents. For mercury, although a monatomic element, forms compounds which 
are by no means stable at a high temperature in the gaseous state; and as for the 
physical condition of argon, that of a gas, we possess no knowledge why carbon, 
with its low atomic weight, should be a solid, while nitrogen is a gas, except in so 
far as we ascribe molecular complexity to the former, and comparative molecular 
simplicity to the latter. Argon, with its comparatively low atomic weight, and its 
molecular simplicity, might well be expected to rank among the gases. And its 
inertness, which has suggested its name, sufficiently explains why it has not pre- 
viously been discovered among compound bodies. 

We would suggest for this gas, assuming provisionally that it is not a mixture, 


the symbol A. 














SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE. 
——=— L034 


Hodgkins Fund. 


ATMOSPHERIC ACTINOMETRY 
AND THE 


ACTINIC CONSTITUTION OF THE ATMOSPHERE. 


BY, 


By DUCE AUS: 


Professor of Physics in the Agronomical Institute, Paris. 


CITY OF WASHINGTON : 
PUBLISHED BY THE SMITHSONIAN INSTITUTION. 
1896. 























_ SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE. 
1034 


Hodgkins Fund. 


ATMOSPHERIC ACTINOMETRY 





ANID ay nus: 


___— ACTINIC CONSTITUTION OF THE ATMOSPHERE. 


BY 
E. DUCLAUX, 


Professor of Physics in the Agronomical Institute, Paris. 


CITY OF WASHINGTON : ] 
PUBLISHED BY THE SMITHSONIAN INSTITUTION. 


1896. Aw 





The Knickerbocker Press, Hew Work 





ADVERTISEMENT. 


The present memoir is a translation of the treatise entitled “Sur 
Vactinométrie atmosphérique et sur la constitution actinique de Patmos- 
phére,” submitted by Professor Emile Duclaux, in competition for one of 
the Hodgkins Fund prizes offered by the Smithsonian Institution in a 
circular dated March 31, 1893. The competition closed December 31, 
1894; and on August 9, 1895, the Award Committee, having completed 
its examination of the 218 papers submitted by contestants, granted 
honorable mention to Professor Duclaux and recommended his memoir 
for publication by the Smithsonian Institution. 

The Committee was composed of the following members: the Secre- 
tary of the Institution S. P. Langley, Chairman, ex-officio; Doctor G. 
Brown Goode, appointed by the Secretary of the Smithsonian Institu- 
tion; Assistant Surgeon-General John 8. Billings, appointed by the 
President of the National Academy of Sciences; and Professor M. W. 
Harrington, appointed by the President of the American Association for 
the Advancement of Science. The Foreign Advisory Committee, as first 
constituted, was represented by Monsieur J. Janssen, Professor Ae EN. 
Huxley, and Professor von Helmholtz ; and after the death of the latter, 
Doctor W. von Bezold was added. 


Ss, P. LANGLEY, 
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ATMOSPHERIC ACTINOMETRY AND THE Actinic ConstTITUTION 


OF THE ATMOSPHERE. 


By E. Ductravux, 


Professor of Physics in the Agronomical Institute, Paris. 


, 


ATMOSPHERIC ACTINOMETRY. 


The progress made by science leads us more and more to attribute to chemical 
rays a special action, which is different from and, to a certain extent, independent 
of that of the calorific and luminous rays. The chemical radiations of the sun, 
reaching the limits of our atmosphere, become modified while passing through it, 
according to a law which is peculiar to them ; and, so far as can be seen in so new 
a subject, their absorption is not the same as that of the calorific or luminous parts 
of the spectrum. 

Photographers, especially those who take landscapes, well know that days 
which are equally warm or equally luminous do not always give the same results 
for the same length of exposure, and that there are days when, for some unknown 
reason, the chemical impression is much slower than on others. 

Another argument may be drawn from what often happens in northern lands, 
where vegetation, which is well known to be specially susceptible to the power of 
chemical rays, makes much more rapid progress than in temperate regions, notwith- 
standing the fainter light and the lower temperature. 

To what are such differences due? What law does the chemical absorption 
of the atmosphere obey, and on what does it depend? Ought we to attribute it to 
its normal elements: oxygen, nitrogen, carbonic acid, and water vapor? Then it 
should have some general uniformity. Or ought we to see in it, on the con- 
trary, the action of solid or volatile elements, which incessantly reach it from the 
bare or from the cultivated soil? Then it should have a local character, leading 


to a multiplicity of chemical climates. These are very important questions, for 
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which science has as yet no answer; not that the subject has not already been 
thoroughly investigated, but because in all the actinometrie inquiries proposed so 
far, sufficient care has not been bestowed upon the separation of chemical action 
from luminous and calorific effects, 

The process which best shows the incorrectness of the methods employed 
heretofore is that of Messrs. Bunsen and Roscoe, which depends upon a mixture 
of chlorine and of hydrogen, exposed to the light. The intensity of the chemical 
action is then estimated by the quantity of hydrochloric acid formed in a given time, 
or rather by the diminution of volume which necessarily follows. This method 
has two grave defects. One is that reaction may take place from the effect of heat 
quite as well as from that of chemical rays, and that consequently it does not 
separate the two actions which it is important to isolate. The second, much more 
serious, defect is this, that the reaction is extremely exothermic and continues, 
when once begun, under the influence of the heat which it develops. There is, 
therefore, no proportionality between the active cause and the effect it produces, 
The cause is simply provocative and starts a mechanism, which continues to work 
independently. It is true that an effort is made to reduce to a minimum the work 
of this mechanism, by operating only with very small quantities of gas and by 
multiplying the cooling surfaces, in such a way that the phenomenon constantly 
requires a new excitation in order to continue. But this is not sufficient to relieve 
the method of the charge of lacking proportionality between cause and effect, which 
renders the measurements almost illusory, in spite of the care taken by Messrs. 
Bunsen and Roscoe to discuss them, 

We find the same defects, though perhaps a little less seriously, in the often 
employed method which depends upon the reduction of ferrie oxalate by light. 
Since the first observation by Dobereiner, H. Draper, Marchand, and G. Lemoine 
have studied this reaction. As in the preceding case the oxalate, or the 
equivalent mixture of ferric chloride and oxalic acid, is reduced by the action of 
heat alone, and although this reduction is slow, it operates as a source of error. 
Moreover, the liquid is colored and loses its color in proportion as the process 
continues, Tlence the conditions of absorption are modified during the process 
and this by a phenomenon which is to a certain degree external. Finally, the re- 
action is still sufficiently exothermie to require that this property should be taken 
into account. All these defects have been corrected, so far as possible, by M. G. 
Lemoine, who has for some time been making a careful study of the process, but 
the method loses thus that neatness and that simplicity which are so desirable. 

The ideal would be attained by the discovery of a limpid and transparent 


liquid which would not change while the reaction went on, becoming the seat of 
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an easily measurable, chemical phenomenon, which could be the result of no action 
except that of heat. Can we go any farther in our demands and require that it 
should not be exothermic in any degree? M. Berthelot does not think so, and be- 
lieves that the addition of energy resulting from the absorption of calorific, lumi- 
nous, or chemical radiation would not be sufficient to produce a chemical phenomenon 
which, while going on, would not give rise to a small amount of heat. [do not 
very well see why a calorific absorption of solar radiation might not compensate 
for some heat of combination, and even permit a slightly endothermic reaction to 
appear. I have endeavored to discover some simple method, which, complying 
with this programme, could be interpreted without ambiguity, but I have not 
succeeded. I have been compelled to content myself with an old, well known 
reaction—the oxidation which weak solutions of oxalic acid undergo upon exposure 
to light. 

These solutions are and remain transparent. The oxalic acid in them is trans- 
formed into carbonic acid, which disappears by diffusion, so that the oxidation 
which it has undergone can be easily ascertained by an acidimetric determination- 
made before and after its exposure to light. The reaction thus produced is faintly 
exothermic, to be sure, but as only very weak solutions are taken, for it is well not 
to exceed 2 or 8 grammes of crystallized oxalic acid per litre, there is no reason 
why we should be troubled about the error which arises from this fact. Moreover, 
the liberation of heat, which results from combustion, even if it should be percep- 
tible, would remain without effect, for oxalic acid oxidizes only with extreme slow- 
ness under the influence of heat alone. 

Exp.—10 ¢.¢. of a solution, of oxalic acid, titrating 19 ¢.¢. of lime-water per litre, 
was heated on a water bath to nearly 95°, in a flask of 125 ©. ¢. 
After heating 4 hours, the titre is 18.5 ¢.¢. Loss 2.6 per cent. 
ss . Ss e * S20) ce oo AbED 
Eup.—0 ¢. ¢. of another solution, titrating 16.6 e. c. of lime-water per litre, was 
heated an hour and a half to 115°. 
The titre falls only to 16.2 ¢. ¢. and 16:1) ec 

During the days of greatest heat, the temperature hardly exceeds 50° in the 
shallow vessels, in which the liquid is exposed to the sun. It may, therefore, be 
assumed that neither the solar heat nor the heat produced by combustion have any 
perceptible effect upon the transformation of the oxalic acid, which may, on fine 
days, reach or even exceed 50 per cent of the acid contained in the solution, 

As the calorific rays have hardly any power, it would be desirable to eliminate 
the action of the luminous rays also, but the chemical radiations are so closely in- 


termingled with the latter that it is difficult to separate them. Let us be content, 
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therefore, for the present, to know that our solution of oxalie acid is peculiarly 
affected by the action of the luminous and the chemical parts of the spectrum. 
We shall soon find reasons to believe that it is the chemical part alone which acts. 
But we have first to investigate the manner by which combustion is produced 
before we can determine what influences cause it. 


Srupy or tHE PRoceEss. 


Oxalie acid, dissolved in water and exposed to light, absorbs oxygen, and 
changes almost entirely into carbonic acid. There appears also a little formic acid, 
but in almost infinitesimal quantities. Hence it follows, as we have seen, that we 
can ascertain the quantity of oxidized acid by a simple acidimetric determination. 


INFLUENCE OF CONCENTRATION. 


In order to study the actinometric process, the first thing to discover is the 
degree of concentration which gives the largest amount of sensibility. In order to 
know this I exposed to the sun, under precisely the same conditions, during three 
fine days from June 4th to June 6th, including about 86 hours of insolation, four 


liquids, containing, respectively, per litre : 


grm. grm, grm. grm. 
63 31.5 12.6 6.3 of oxalic acid ; 
that is, I 4 t ly of an equivalent, 


per litre. At the end of this time, an acidimetric analysis gave me the quantities 
of acid which had been burnt, and I computed from this the proportion of acid 
which had disappeared from each of the vessels. 

The figures were the following, counted in milligrammes per litre : 


1 Equiv. 4 Equiv. 4 Equiv. ay Equiv. 
Quantity of acid burnt, 2,500 2,800 4,700 3,300 
Proportion, 4% 9% 38 % 52% 


To reach the maximum in the absolute quantity of acid consumed we must, 
therefore, operate with solutions neither too concentrated nor too weak. Solutions 
which are too concentrated oxidize slowly, and the variation in chemical value is 
often noted with difficulty. It is, on the other hand, very easy to measure this 
variation with solutions which are rather weak, because it represents a notable 
fraction of the primitive value. But, on the other hand, when the liquid has been 
weakened by the sun, the last portions burn quite slowly. There are, therefore, 
two dangers to avoid. 

After various trials I decided upon a solution whose variation of titre during 
the most favorable days should not exceed one half of the initial value. This is a 
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solution containing about } an equivalent or about 3 grammes of oxalic acid per 
litre. Ten cubic centimetres of this liquid are saturated by about an equal volume 
of common lime-water, so that the daily variation of the titre amounts to 4 or 5 ce. 
of lime-water, a quantity which can be measured down to ;45 by means of a 
burette. The accuracy which we thus obtain is more than sufficient, as we shall 


presently see. 
INFLUENCE OF THE DEPTH OF SOLUTION. 


In discussing the question of oxidation, we must consider the part played by 
the ease with which oxygen penetrates into the depths of the solution. We can 
easily calculate that the 10 ¢. ¢. of oxalic solution, which are used in each one of 
the experiments, require for complete combustion about 3 ¢.c¢. of oxygen, a quantity 
greatly superior to that which is already dissolved. Whatever the facility may be 
with which this gas penetrates into a liquid, which is subjected for 8 to 10 hours 
to insolation in free contact with the air, we may well ask if a solution of oxalic 
acid oxidizes in the sun in the same way in a vessel of shallow depth, in which its 
thickness is small, as in a cone-shaped glass or ina round tube. The following 
experiment furnishes an answer to this question : 

Fep—On August 16th, 17th, and 18th, I exposed to the sun 10 ¢. ¢. of a st 
normal solution of oxalic acid, as follows : 
(a) In a cone-shaped glass, 
(b) In an ordinary test tube, 
(c) Ina Bohemian glass mattrass with flat bottom. 
To secure uniformity of temperature, the cylindrical tube 6 was placed 
upright in the mattrass ¢; the exposure continued from 8 o'clock a.m. till 


3.30 in the evening. The following proportions of acid were consumed : 


a b c 

August 16th, 29 % — % 65 % 
De AiG 34 14 97 
Soul, 34 13 84 
= 19th, 31 14 87 


Thus, everything else being equal, the proportion of acid consumed is much 
greater in a vessel with a flat bottom than in a cylindrical tube. The difference is 
indeed so very striking, that the difficulty with which oxygen penetrates the solu- 
tion does not suffice to explain it. 

A combustion of 13 per cent, produced in 7 hours in the 10 ¢. ¢. of liquid, 
contained in the mattrass 8, has not required more than 0.4 ¢. ¢. of oxygen; in 


other words, about 6 times the normal quantity dissolved in the solution. When 
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we think of the rapidity with which de-aérated water aérates itself anew, it is hard 
to believe that it was the oxygen which was wanting, and we are thus led to be- 
lieve that the chemical action was at fault. If the incident ray does not bring with 
it an excess of chemical energy, the superficial layers absorb as much as is available, 
and there is none left for the lower strata, even though all the needful oxygen 
should be at hand to burn the acid which is present. 

The question is of some importance, because it teaches us the quantum of 
chemical action which may be expected from light in the vicinity of the soil, and 
consequently, also, the degree of atmospheric absorption. In order to get informa- 
tion on this subject, let us operate with shallow, cylindrical vessels, which are at 
most a centimetre high at the rim, so that there can be no stagnation of air above the 
liquid, and that the oxygen always has easy access to the latter. If the actinic 
influence is deficient in the incident light, we must be able to put in evidence the 
influence of the surface and the depth of the liquid. For equal depths the com- 
bustion will have to be proportional to the surface. For equal surfaces with dif- 
ferent depths, combustion, if limited to the superficial layers, should not increase 
with the volume and the depth of the solution, or at least not increase so rapidly. 
This is exactly what experience shows. 

Exp.—tnto two cylindrical, very shallow vessels, having the same surface, I poured 
10 and 20 ¢.¢. of a half-deci-normal solution of oxalic acid. After a rather 
dark and somewhat stormy day, I find that 28 per cent. of the acid has 
been burnt in the vessel that held 10 ¢. ¢., and only 23 per cent. in the other. 
As it held twice as much liquid as the other, the absolute quantities of 
acid burnt are relatively 28 and 46, while the depths of solution were in 
the ratio of 1 to 2. Combustion, therefore, increases less quickly than 
depth. As the latter has not exceeded a centimetre in the vessel in 
which it was greatest, and as, moreover, the total combustion was very 
slight, we cannot admit that oxygen was wanting. But the solar rays, 
deprived of their chemical radiations, which were rendered active by their 
passage through the superficial strata, reached the lower layers very much 
weakened, although the luminous transparency of the two liquids was 
perfect. 

There exists then a kind of shifting of the actinic rays during the passage of 
the light through the first layers which it encounters; and, whether these rays are 
not abundant or whether the absorption be very efficient and the medium very 
opaque for them, the weakening process is very rapid. In return, when the surface 
alone is allowed to vary, while the height of the liquid remains unchanged, the 


effect of combustion is proportional to the surface, and consequently to the volume. 
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Exp—ti procured two cylindrical vessels with flat bottoms, of Bohemian glass, 
the bottom surfaces of which were as 1 to 2. I exposed them to the sun, 
one with 10 ¢.c¢., the other with 20 ¢. ec. of one and the same half-deci-normal 
solution of oxalic acid. The quantities of burnt acid have always been in 
the proportion of 1 to 2, in a long series of experiments, with an approxi- 
mation equal to that which the process of analysis should demand. 

We shall have to avail ourselves of all these results when we try to ascertain 
the cause of atmospheric absorption. Let us be content, for the time being, with 
drawing a practical conclusion from them, namely, that it is desirable always to 
work with vessels of the same dimensions, and with equal quantities of solution, if 
we wish to obtain figures that can be compared with each other. 

I employ small blown vessels of Bohemian glass, with flat bottoms, such as are 
found in trade. I choose them of the same dimensions, or nearly so, which can 
easily be ascertained by fitting together their edges and noting whether they have 
nearly the same external diameter. It is not necessary to carry accuracy any 
farther, considering all the inevitable irregularities connected with measurement. 

Those which I have used measured about 4.5 centimetres in diameter, and 
10 e.¢. of liquid had there a thickness of about 6 millimetres. When I was at work 
in the country, in the Cantal or in the Puy-de-Dome, where the clouds of atmos- 
pheric dust are not calcareous, I left them freely exposed to the air upon a small 
table, so placed as to face the south and to expose them to the sun all day long. 
The heating which takes place in them is never very great, as the following 
experiments show; although they were not made in a flat vessel, but in a cone- 
shaped glass with a foot. The heating is less by 4° or 5° C. when working with 
a flat vessel. 

Exp—The same glass with a foot and containing 10 c.e. of a half-deci-normal 
solution of oxalie acid was exposed from the 15th to the 27th of August, 
1885, daily to the sun. Every day the mean pressure, the maximum 
temperature of the liquid, and the aspect of the sky were carefully noted, 
Here follow the proportions of acid burnt on the different days, during 
which the weather was very fine. The experiments were made at Fau, in 


the Cantal, at an altitude of about 700 metres. 
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Date. Barom, Pressure.) Max. Temper. | Combustion. Condition of the Sky. 

August 15: 712 mm. | 36°.8 21% Fine. Slight cirrus. 

16,| 712 ay, 15 29 % Fine. 

“ 17. 710 ‘ | 7° ae 34 % “ 
ia SES: ie ee} cae 32 % x 
= lO.) 705. = <0 0 Wey 32 @ East wind. Clear sky. 
“ ae 705 “ 35°.2 30 4 | “ a“ “ “ 
ty aL. 6 JOS) | 30° 24% | Cirro-cumulus, Fresh weather. 
soe EOS ote le Ae 24 2 Sky clouded i in the morning. 
"SF 2an |, FOS “Sell eee 22 % : Cumulus. 
24h) Ome | 30° 27 % Sky overcast. 
Oy NEB) 7 Ole ee me 25 % Stormy weather. Rain at night. 
5262 Foss “ela aoe 30 % Cumulus. 
«“ 27. | 700 “ | 29° 26 % “ “ “ 


The most active combustions correspond to the highest maximum temperatures, 
but only because both of them indicate, each in its own way, the presence of a 
livelier and more active sunlight. When the sky is overcast or shows cumuli, 
the solar combustion may be more powerful than when there are cirri, even though 
the maximum temperature should be lower. 

Tn no ease, as will be seen, has the temperature of the solution risen to a suffi- 
ciently high level to affect the chemical combustion which takes place there. We 
may, however, if we wish it, secure ourselves against this cause of error by causing 
the light vessels which contain the solution of oxalic acid, to float on a water-bath. 
They will then, during the day on which they are exposed to the sun, be heated a 
few degrees only. This is a method which I have adopted only during the hottest 
and driest days. The water-bath served as much to restrain evaporation as to 


prevent heating of the solution. 
INFLUENCE OF THE AGE OF THE SOLUTION. 


We now reach an unexpected fact, namely: that a fresh solution of oxalic 
acid does not behave like an older solution of the same strength, and appears much 
more refractory to the action of the sun. It becomes sensitive only very slowly, 
and it requires even several weeks for that end, when it is kept in diffused light. 

Kxp.—On September 5, 1885, I compared an old solution of oxalic acid, con- 
taining 3; equivalent (1.575 grm.) of this acid per litre, with another 
liquid, which I prepared at that moment, of the same strength. The com- 
mon titre of these two solutions amounted to 22.8 ¢. ¢. of lime-water 
for 20 eubie centimetres. 

At the close of the day (September 5th), which had been rather 
foggy, two insolated vessels containing the older liquid titrated together 
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16.2 ¢. c. of the same lime-water and had consequently lost 6.6 ¢. ¢. of 
their original strength. Two vessels with the new solution titrated to- 
gether 21.7 c. c, and had consequently lost not more than 1.1 ¢.¢. The 
new solution is therefore nearly 6 times less sensitive than the other. 

The next day, the weather being fine, the losses amounted to 1.5 ¢. e. 
for the new solution and to 8.5 ¢. ¢. for the old. This is about the same 
ratio as on the day before. 

On September 12th, after a fine day, four trials gave me the same 
results, losses of 9.3 ¢. c. for the old solution, and of 5.9 ¢. e. for the newly 
made. The difference in sensitiveness was less marked than six days 
previously. 

On September 25th, twenty days later, the losses became 8.6 e. e. for 
the first liquid, and 7.7 ¢. ¢. for the second. This is not yet equality, 
which was reached only in the month of October, after a little more than 
a month. 

The fact that two liquids of different ages reach at the end of some time the 
same degree of sensitiveness, proves that there must be a maximum. We shall, 
however, soon see that this is not a maximum maximorum. WWowever this may be, 
if the solution of oxalic acid has once reached this maximum, it differs in no way 
from what it was at first, neither from achemical nor from a physical point of 
view ; it gives by evaporation the same crystallized acid, and its acidimetric value 
is unchanged. A molecular activity, however, has been at work, upon which I 
shall not dwell just here. I will state now only two important facts concerning it: 
one is that it requires time for its completion, and the other that it betrays itself 
by easier oxidizability under the influence of solar radiations. 

The only phenomenon which in our present state of knowledge may be com- 
pared to that which we have just discovered, is the increase of sensitiveness 


grow old 


observed in sensitized collodion which has been allowed to rest and to 
for a few days. This fact is well known to photographers. It may make us think 
also, by analogy, of the variations in the rotatory power of sugar solutions, some 
hours after their preparation up to the moment when they become stable. It is 
admitted that these few hours are necessary to enable the sugar molecules to spread 
uniformly throughout the solution and to assume the orientation necessary to 
stable equilibrium. But all these analogies are remote. The phenomenon deserves 
being investigated by itself, and we have here only to face its practical conse- 
quences, 

These may be summed up ina few words: that it is desirable to allow the oxalic 


acid solution to acquire such sensitiveness before using. ‘This is all the easier since 
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these solutions can become sensitive in a concentrated state and preserve this sensi- 
tiveness even after being diluted. One can then provide a mother-liquor, so to 
speak, which may be made sensitive and which afterwards may be diluted as 
necessity arises. Ordinarily I used to prepare a normal solution to the amount of 
several litres, containing 13 grammes per litre, which I kept for some weeks under 
diffused light, and subsequently diluted, in fractions, to the twentieth or fortieth 
degree. One litre of this mother-liquid, rendered duly sensitive, may thus serve 
for 2000 tests. In all the comparative experiments which will be mentioned in 
this memoir, I have always taken pains to work with identical liquids and such as 
had the same sensitiveness. . 

We are now possessed of our actual working process, which amounts to 
this: To expose to the sun during the day a shallow dish, containing 20 ¢.e¢. of a 
half-deci-normal solution of oxalic acid, which has become sensitive by time, and to 
measure at the close of the day, by a titration with lime-water, the quantity of acid 
which has disappeared by oxidation. 

Let us now see what results have been obtained by this process. 


Actrrinometric MEASUREMENTS. 


Since the year 1885 I have made several series of actinometric measurements, 
especially during fine weather and at times when I was sufficiently master of my 
own time to secure to them the regularity which they require. All these experi- 
ments, made at different times and at different places, are not absolutely alike, since 
the solutions used might have undergone some change. But such variations amount 
to little from one year to another, and to almost nothing in the course of the 
same year, as I have been able to determine repeatedly ; for every time when I 
changed the solution, I exposed simultaneously two or more vessels with old and 
with new material, and I always found that the solar combustion was the same for 
both, up to that degree of approximation which the measurements demand. 

While operating with two or more vessels containing one and the same liquid, 
it does not always happen that we find the same result for all at the close of the 
day. There are irregularities in the process, some of which will be explained 
presently, while the others have until now defied all efforts at explanation, so sud- 
den are they and so exceptional. There is no other remedy for this than to elimi- 
nate such out-of-the-way cases, which are always rare, making every day a trial with 
3 or 4 vessels and keeping, of the figures thus obtained, only those which are con- 
cordant. 

It is in this way that the following observations have been made. For each of 
them a record has been kept of the proportion of oxalic acid burned in 10 ¢. ¢. of a 
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half-deci-normal solution exposed to the sun. Furthermore the state of the sky has 
been recorded and the principal incidents of the day of insolation. 

Special attention has been paid to verifying the solar and antisolar lights ' 
which were very frequent during the first years in which these observations were 
made and which have never been absent since that time. I have described the 
aspect they assumed in the countries in which I began my observations. The more 
I study them, the more I consider them as solely due to the presence of aqueous 
vapor at very great heights in the atmosphere. We shall have to examine, from 
this point of view, their influence on the phenomena of solar combustion. 

The tables which follow are also intended to show the very considerable 
variation which the quantities of oxalic acid consumed present from day to day. 
The combustion, which is almost completely absent on cloudy or rainy days, may 
reach or even exceed 50 per cent of the acid during bright and luminous days. But 
there are also some very bright days, during which combustion is feeble, and twice 
it has happened that I was unable to take photographs for want of proper heht, 
being deceived by the apparent brightness of the day on which I was working. 

I shall quote my observations very nearly in the order in which I made them, 
from the moment when I had regulated the process of measurement; and in con- 
nection with each one of these sets of observations I shall cite the facts which 


they have revealed to me and which subsequent observations have only confirmed. 
OBSERVATIONS OF THE YEAR 1885. 


Made at Fau (Cantal). Altitude 800 metres. Country of meadows and of 
woods. Voleanic soil. (Andesite and basalt of the plateau.) 

I have inserted above (page 8) some observations which I made at the end of 
August with the solution in a conical glass. The combustion is a little less rapid 
than in the vessels of Bohemian glass which I used in experiments of a later date. 
Here follow those made in September and October. S. and A. 8. represent solar 
lights in the west and anti-solar lights. 


‘See, on this subject, a note inserted in the Comptes Rendus de 1’ Académie des Sciences, vol. 
KOU P74 
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| 
Date. Combustion. Remarks. 
September 2 32% Rain the night before. Clear weather.  S. faint. 
“ aii og Rainy and stormy day. No sun. 
= 4 | 1% Glimpses of the sun. Barometer rises again. 
a | 13% Day partly sunny, partly rainy. 
a 6 7% Rain in the morning ; a little sun in the evening. 
“a 7 7 % a ae o ‘ . . oe “ os o 
Si 8 28% Day in appearance similar to the two preceding. 
fs 9) 1% Fog and rain in the morning ; sun in the evening. S. and A. S. con- 
tinuous during more than an hour. 
10 35 % Very fine day. S. and A. S. 
os 1 28% Rainy in the morning. Clearing in the evening. S. and A. S. very 
bright. 
‘ 12 36% Fine day, corona around the moon, S. and A. S. 
af 13 22% A fine day. Cirrus. In the evening, at sunset clouds in the west 
project their shadow in the east upon anti-solar lights. There are 
besides, in the neighborhood of this light, small cloudlets, the violet- 
red color of which is exactly the same, except as regards intensity, 
as that of the anti-solar light. An irregular corona around the 
moon, fringed and elongated in certain directions by cirrus-streamers 
to the four points. 
: 14 21% A very fine and very hot day. S. and A. S. very fine. 
a 15 27% | A very fine and very hot day. S. and A.S feeble. 
. 16 35% “day and slight cirrus. No S. and A. S. 
i 7 21% “cirrus and cirro-cumulus. At night storm, 
S 18 17% Quite fine in the morning. Cloudy in the evening. Rain and storm 
at 6 o'clock p.m. 
fe 19 17% A day divided between sun and clouds. 
. 20 34% A fine day. S. and A. S, 
is 21 29% 2 " Cirrus and cirro-cumulus. 
s 22 33% Fine day without clouds. S. and A. S. fine but short-lived. 
23 32% Fine day without clouds. Fine but short-lived S. and A. S. 
a 24 29% Numerous cirri in the evening. Cumulus and storm, Barometer 
falls. 
is 25 1% Dark and cold day. Lunar halo of 22°. 
o 26 13% Middling day. Some glimpses of the sun. 
ss 27 og Rainy weather in the morning. Dark and cold all day. 
bs 28 4% A few glimpses of the sun. 
ca 29 3% Fog and rain all day. 
= 30 2% Rain in the morning, in the evening fog. No sun. 
October 1 3% Rain in the morning; very little sun in the evening. S. and A. S. 
Violet mist in the valley. 
a 2 12% Quite a fine day. In the evening violet lights very perceptible in the 
neighborhood of Venus, whose brilliancy is very great. 
3 3 20% Sky cloudy all day. 
be 4 11% Fine in the morning ; in the evening dark. 
re 5 24% A fine day. Very few clouds. S. and A. S, 
= 6 12% Foggy day. 
7 1% Rain all day. 
is 8 24% Fine day, autumn like. Sun rather veiled. 
or 9 13% Rain in the morning ; sun in the evening. 
se 10 6% Rain all day. Rare glimpses of the sun. 
st II 13% Rain in the morning ; a little sun in the evening. 
i 12 12% Covered sky ; rare glimpses of the sun, 
‘ 13 71% Sky overcast ; cold weather. North wind. Frost at night. 
i 14 22% Fine in the morning, overcast in the evening. 
a 15 4% Dark and rainy day. 
“ 16 13% Rainy in the morning ; in the evening breaks in the clouds. 


”_—__eoeoeoeooee eee eee 
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Date. Combustion, | Remarks, 
| | as. ee 
October 17 19 % | Very fine day, from beginning to end. 

s 18 | 18 % i “ “In the evening cirrus and halo of 22°. Barometer falls. 

# 19 18 % | Dark in the morning, a little sun in the evening. Incessant rain after 
3 o'clock P.M. 

re 20 % | Rainy day. No sun. 

ae 21 9 % “ ac 

“ 22 | 4 é “ “ 

- 23 | 24% | Quite a fine day, in spite of east wind which rose very high after 
9 o'clock. 

24 3% | Rainy day from beginning to end. 

ae 25 14% Partly sun and partly rain. Two currents in the air, one from the 
south, superior, carrying off cirri ; the other from the north, inferior, 
with clouds. ‘The latter finally dominates and after having brought 
up intermittent and slight rains, it gives a cool night. 

.* 26 2% | A rainy day. 

Ss 27 15% Stormy at night. Day quite fine. 

i 28 3% | Rainy day. 

$ 29 5% a Rare glimpses of light. 








These two months of uninterrupted observation prove already that the solar 
combustion passes through very different values within 24 hours. These changes 
are sometimes very sudden and exceed especially those of the thermometer, the 
barometer, and even those of the average brightness of the day. The actinometric 
effect does not show, therefore, that approximate constancy, which makes it rela- 
tively so easy to measure the other effects of solar radiation ; it requires a very 
close and minute investigation. 

While it amounts to little or nothing at all in overcast and rainy weather, it 
rises very perceptibly during fine, sunny days; but it seems to be subject to other 
influences yet beside those which we have mentioned when we spoke of “a fine 
day,” “fine weather,” ete. If we find, in fact, that the days from the 20th to the 
24th September resemble each other very closely, as far as their external physi- 
ognomy is concerned, and are also very much alike in point of actinometry, we 
have on the other hand the example of October 17th, 18th, and 19th, during 
which the degree of combustion was the same, and this although the weather had 
been very fine during the first two days and very indifferent during the last. An 
instance of the opposite nature is offered to us by the 6th, 7th, and 8th of Septem- 
ber, which differed very much in their actinometric aspect, whilst they resembled 
each other so far as their external physiognomy was concerned. 

It would be interesting to find out under what influences these variations are 
produced. In the meantime, until we reach that point, let us notice that the com- 
bustion on the finest days in October does not amount to as much as that obtained 


on the finest days in September, and that the latter again do not equal the fine 
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days in August, mentioned on page 8, if we bear in mind that the experiments 
mentioned on that page were made in a cone-shaped glass, capable of holding the 
bulb of a thermometer and not, like those made in September, with shallow vessels 
in which the figures would have been much higher. 

One might be tempted to see here the effect of the lessened length of days. 
But, in order to avoid this influence, the length of exposure has been everywhere 
precisely the same: from 8.30 a.. to 4.30 pt. There is, therefore, an influence 
due to the seasons, which we must also endeavor to trace back to its true cause. 


For this purpose we can only collect the greatest possible amount of evidence. 


RESULTS OF OBSERVATIONS MADE IN 1886 anp 1887. 


I made for this end several series of experiments in 1886 and 1887, at Paris, 
in the Cantal, and at Orcines, at the foot of the Puy-de-Dome. Unfortunately I 
‘annot report them here in detail, having mislaid the papers which contained the 
record. I ean only indicate the general results which I have retained in my 
memory, because they served as a starting-point for new investigations, In the 
first place I again found evidence of the almost perfect independence between the 
degree of solar combustion of oxalic acid, and the occurrence of solar and anti-solar 
lights. If there are any examples of coincidence between an active combustion 
and the presence of such lights, it is because these lights appear only in fine 
weather. But there are also other cases in which combustion is very rapid and 
when those lights are altogether missing. If they play any part at all, it seems to 
be one quite secondary, and this view agrees very fairly with the hypothesis that 
the phenomenon is due to the presence of aqueous vapors in the upper regions of 
the atmosphere. It is, of course, well known that liquid water or water in the 
form of steam influences the activity of actinic combustion very little. 

Another very important result is this: that the maxima of the figures of com- 
bustion during the finest days are higher in spring than in summer, The difference 
did not strike me as quite so marked as between summer and autumn. As to the 
maximum in spring I have always found it very clearly marked during observa- 
tions carried on for four years, and an example of this will be found, unfortunately 
too limited in its nature, when I shall speak of my experiments of 1888. 

The maximum in spring appears alike in Paris and in the country. But I 
have also found that solar combustion was less intense in Paris than in the Cantal 
or in the Puy-de-Dome; this difference appears not only in the high figures 
connected with the oxalic acid, but I have found it also in a long series of 


experiments, which I had undertaken in order to study the transformations which 
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several organic substances undergo in the solar light, and which offer a greater 
resistance than oxalic acid. These I had been compelled to leave in the light for 
weeks and for months before the attack was complete. They thus summed up the 
influence to which they had been subjected during the length of the exposure. 
Now this phenomenon required, generally, for its termination, much more time, 
sometimes three or four times more, in Paris than in the country. 

Among the facts of this kind I can only quote one which I find I had by 
chance inserted in a work intended for the examination of another question. A 
deci-normal solution of tartaric acid which was every day exposed from 10 a.m. till 
2 p.m. to the sun in Paris, had lost by combustion in seven months and a half only 
10 per cent of its acid, while in the Cantal an identical solution had lost in two 
months 47 per cent. This involves a combustion about fifteen times more rapid, 
and although the length of exposure was a little greater every day in the Cantal 
than in Paris, and although the quantum of solar combustion increases more rapidly 
than the length of exposure, this is not enough to make up for the difference. In 
another case involving the combustion of glucose in an alkaline liquid, I found 
that to take two years in Paris which had required only three months in the 
Cantal. 

Finally, this experiment teaches us also that average years do not resemble 
each other and that, if there are some which are rich in chemical radiations, there 
are poor ones also. These differences between one year and another, from 
this point of view, appeared to me more marked than in any other respect. We 
have shown above the most striking inequalities between consecutive days of the 
same season. They recur, less markedly, for consecutive years. 

These statements which, I repeat, I regret not being able to support by 
figures, suggest a number of problems for which I have begun to seek a solution. 

In the first place, the fact that active combustion is stronger on fine days in 
spring than in summer and in autumn, shows that there must be another cause of 
action than the influence of temperature, or the height of the sun above the horizon. 
We are naturally led to think of the influence of the volatile organic products 
which vegetation scatters in the air during summer, and which, if they are capable 
of being oxidized, absorb and utilize for their own benefit the chemical radiations 
of the light which passes through the atmosphere, preventing them from reaching 
the soil. We are confirmed in this view by what has been said before (page 6) 
concerning the relative poverty of solar light, at the time when it reaches us, in 
radiations able to oxidize oxalic acid. 

In the second place, the difference between the sum total of the annual radia- 
tions at Paris and at the Cantal, or on the high tablelands of the Puy-de-Dome, 
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leads us to ask if the question of altitude may not perhaps be of importance. Two 
identical vessels, containing the same solution and exposed during the same time 
at different heights in the atmosphere—will they or will they not undergo the 
same degree of oxidation ? 


INFLUENCE OF ALTITUDE. 


I begin with the last question, because the documents which helped me to 
solve it were lost, together with those which gave the results of the experiments 
already mentioned, and I must therefore be very brief in my treatment. 

In order to solve this problem I installed myself at the foot of the Puy-de- 
Dome in the little village of Orcines, and I made a number of experiments simul- 
taneously in the garden of the house in which we lived, and on the terrace of the 
observatory on the Puy-de-Dome, where M. Humandon kindly undertook to expose 
and to remove again at certain fixed hours the vessels containing the oxalic acid 
which had been rendered sensitive. The two stations are distant from each other 
4 kilometres in a direct line. The vertical difference amounts to about 400 metres. 
The incline, therefore, between the two stations does not count for much, and they 
cannot be considered as being upon the same vertical line. Experiments made on 
the top and at the foot of the Eiffel tower would have been more satisfactory in 
this respect. But at the Eiffel tower I should have had to apprehend encounter: 
ing difficulties of another kind, especially the want of homogeneousness between 
the layers of the atmosphere. For the lower ones which had swept populous parts 
of the city could, in that amount, no longer be considered equivalent to the upper 
parts. What tempted me to choose the station of the Puy-de-Dome was exactly 
this homogeneousness of the whole region so far as its vegetation was concerned. 
The Puy-de-Dome is surrounded to a great distance by a dry, almost deserted 
country, covered with woods and largely with heather, while some portions are 
absolutely bare in places where pozzolanes crop out of the soil or in those immense 
overflows of lava of recent date, which are called “cheires,” and which defy any 


attempt at cultivation. One of these “cheires” 


cropped out close to the house in 
which I dwelt, and I imagine that, on the whole, there was no reason why the air 
on the top and that of the table-land from which the mountain rises, should be 
heterogeneous. In spite of these favorable circumstances I did not find that the 
combustion at the observatory was very different from that at Oreines. It exceeded 
the latter a little, on an average, but with exceptional results in one or the other 
direction, so as to prevent any positive conclusion. I remember that my estimates 


showed an increase of altitude accompanying an increase of actinie intensity, but 
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that they were not such as to prove it. This conclusion diminishes my regret at 


having mislaid the data. 
INFLUENCE OF OXIDIZABLE SUBSTANCES SUSPENDED IN THE AIR. 


With this second question I have been more successful, since comparative ex- 
periments can here be made with far more precision than elsewhere. All that is 
necessary is to expose in one and the same place two vessels containing the same 
oxalic solution; one being made to float upon water contained in a deep erystal- 
lizing pan in such a way that a layer of stagnant aqueous vapor may be kept 
above the surface of the liquid which it contains. The other vessel floats in like 
manner, and under the same conditions, on the surface of some turpentine or of 
any other essential oil. It is always found that combustion is far less advanced in 
the second than in the first vessel. As I said before, I lost the relative figures of 
the results obtained by the experiments made in 1886 and 1887. But Mr. Elf- 
ving, professor at the University of Helsingfors (Finland), to whom I had men- 
tioned the results thus obtained, began once more to experiment with essence of 
turpentine, and I will here quote the results as he reported them to me in a letter 
which I have fortunately preserved : 

“T have repeated and confirmed your experiments on August 30, 1888, from 
8 am. to 4 p.m. with a clear sky. There were 58 per cent of the oxalic acid burnt 
above the water, and 39 per cent above a bath of essence of turpentine. The next 
day, which remained clear from 9 a.m. till noon, the figures were 47 per cent and 
20 per cent for the same length of exposure. It is certain, therefore, that the 
presence of oxidizable substances in the air possibly diminishes the consuming 
power of the sun.” 

Mr. Elfving has confirmed this conclusion by the following experiment, which 
I have, in my turn, repeated and confirmed. It consists in sifting, so to speak, the 
rays of the sun through a solution of sulphate of quinine, which absorbs a part of 
the chemical radiations before they can react on the oxalic solution. Another sift- 
ing apparatus, of the same thickness, but consisting of pure water, furnishes a 
standard of comparison. The latter, rigorously, might be neglected, for the quan- 
tity of watery vapor or of liquid or solid water which the rays of the sun have 
traversed before reaching the level of the soil, exceeds by far the thickness of the 
supplementary screen of liquid; the absorption due to water, is, moreover, very 
feeble. In my experiments I suppressed this complication. Mr. Elfving used two 
glass bell jars with double walls, of which one contained water, the other a solu- 


tion of sulphate of quinine. He wrote to me on June 17th: 
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“ The light which has gone through a layer of water is five times more active 
than that which has traversed a solution of sulphate of quinine of quite the same 
depth. I shall continue my observations at the time of the solstice.” 


And on July 9th: 


“T have again made an experiment with sulphate of quinine. On June 27th, 
while there were consumed in the open air during the whole day 87 per cent of 
the total amount of oxalic acid, and 78 per cent under a bell jar filled with water, 
the decomposition amounted only to 20 per cent under a precisely similar bell 


filled with a solution of sulphate of quinine.” 


Analogous results are obtained by comparing the effect of sifting solar rays 
through a solution of potasssium bichromate, which by preference allows those 
radiations to pass which are least refrangible, with that of transmission through a 
solution of sulphate of copper which allows the most refrangible radiations to pass. 
All this proves that it is mainly the chemical radiations which are of importance, 
and that when these radiations are employed in oxidation, or more generally in the 
transformation of organic or even mineral substances in the air, they reach the sur- 
face of the soil much weakened. 

Here is, therefore, a local cause of variations in the actinometric degree; a 
local and incidental cause, considering that it may be summed up thus: There may 
exist actinic clouds, clouds scarcely visible to the naked eye and not accessible to 
our senses, but the effect of which, at least as far as it can be measured by solu- 
tions of oxalic acid, exceeds by far, in intensity, that of the variations in brillianey 
and obscurity produced by ordinary clouds. These clouds come and go, are no 
longer to-day where they were the day before; they dissolve, for they are, like 
other clouds, no sooner formed than they become subject to ceaseless causes of 
destruction. This explains very fully why the actinometrie degree should vary 
so greatly from day to day and from one year to another. It may also be that we 
find here our explanation of the greater actinic power whieh spring has, in other 
words, that season during which the atmosphere is certainly poorest in organic 
substances, 

Upon reaching this point we see new vistas open before us. It is well known 
that the turning green of the foliage and the production of chlorophyll may take 
place when the intensity of light is very feeble, as for instance in the back of 
a room lighted by one window, but that, under such circumstances, the chlorophyll 
does not begin to act and is not decomposed by carbonic acid. It requires a much 
stronger luminous intensity for the process of assimilation to begin. This phe- 
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nomenon increases with intensity of light up to a certain maximum, differing in 
different plants ; beyond this it decreases. Starting from this point, it is naturally 
suggested that those actinic clouds which we have just discovered, cannot be with- 
out influence on vegetation, since they modify so largely, although often invisibly, 
the strength of the chemical radiations, which is nearly, if not absolutely the only 
active element in the complex whole, which until now has been studied under the 
name of Luminous Intensity. Aud if again the plants themselves disperse into 
the air the materials which absorb the solar, chemical radiations, how can we 
avoid thinking that possibly the production of these odoriferous and oxidizable 
effluvia may be for the plant a means of protection ? 

To elucidate this subject fully, would require experiments which I have not 
the time to make. I have been satisfied with examining it under various aspects. 
Odorous and essential oils are not alone able to arrest the passage of chemical radi- 
ations. The surfaces of plants are, as is well known, frequently covered with a fatty 
or waxy layer, which is highly oxidizable. There are, besides, at all times fatty 
substances in the air, as is proved by the greasy feel of old dust deposited upon 
our furniture. What effect can these fatty substances exert upon the combustion 
of oxalic acid in the sunlight? If our ideas are correct, a slight layer of fatty 


matter should protect that acid against solar light. 
INFLUENCE OF FATTY SUBSTANCES. 


The presence of fatty matter on the surface of our test solution brings up a 
slight experimental difficulty. It is this, that solar oxidation of a fatty substance 
is always accompanied by a production of acid which raises the titre of the oxalic 
solution at the same time that the solar combustion lessens it. We must, therefore, 
either use a very small quantity of fatty matter so that it may barely form an im- 
perceptible veil to cover the liquid, or, what is better still, we must spread it out 
in a transparent layer over a surface of glass interposed in the path of the luminous 


rays. Here are some experiments made in connection with this subject : 





Exp.—oOn June 27, 1885, I exposed to the sun during six hours seven vessels 
of the same dimensions, containing each 10 c.¢. of oxalic acid in half-deei- 
normal solution. Two of these vessels, Nos. 1 and 2, had their walls 
clean. Vessel No. 3 had been rubbed with a weak solution of butter in 
sulphide of carbon, which left upon the sides, hardly tarnishing them, a 
greasy layer. Moreover, by virtue of a well-known phenomenon of super- 
ficial tension, the walls of the vessel have allowed an invisible layer of 


fatty matter to spread on the surface of the liquid. In order to separate 
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this action as far as possible from that of the roughness of the walls, a 
fourth vessel is brought up to the same degree of opacity as No. 3, by 
rubbing it externally with chalk diffused in water. Finally, to inerease 
the quantity of fatty matter present in the liquid, and also, in order to 
see the effect which a little opacity of the liquid may there produce, new 
vessels, Nos. 1', 2', and 3', have been prepared like the vessels Nos. 1, 2, 
and 38, simply adding to each two drops, in other words 5 milligrammes, 
of fatty matter. 
These were the results: 


Combustion. 


Vessel No. 1, clean sides....:.... duste ain sce Sloystelateceteny ete wwii ets Silda 
cf Pe Be MEE NS ES SE a ee eatretetne Teh eee OE OT 33 % 
= “3, dull sides, greasy surface.............+.- eke ee tates 29 % 
oe Sg. SOO? 1 e(Ghalk)\ocnnseetces cee CO ae ee 32% 
‘ © “r', dike’a, plus/2'dropsiof milkess.cesacciee eee -- 16% 
s ee ead tee al Lee Te Serre eee eee okers Sree 7 oe 
a 3 aaa Ge eR ean SMe eS cree  ekactlomepeeaa Srey 


Other experiments, made the following years, and the detailed reports of 
which have been lost, confirm these first results, and show that the fatty matter 
contained in a liquid or spread as an invisible layer over the surface, like that 
which covers the walls of a bell jar placed over the vessel containing oxalic acid, 
diminishes the actinic effect of the solar rays. 

Finally, it is the same with many substances, more or less easily oxidizable, 
which also exert a protecting, or at least a retarding, effect upon the influence of 
the chemical radiations. Such is, for instance, alcohol. 

Kxp.—On the 26th June, 1885, two vessels with 10 ¢. c. of an oxalie acid solu- 
tion, containing 31; equivalent per litre, gave me a combustion of 87 per 
cent, the same for both. ‘Two other vessels, exactly alike, which have 
received an addition of 2.5 ¢. ¢. aleohol of 90 per cent, gave me only a 
combustion of 21 per cent. 

Lirp.—On September 14, 1888, two vessels with a solution of 5), equivalent of 
oxalic acid, gave me identical combustions, rising as high as 10 per cent. 
They amounted only to 4 per cent in two like vessels, to which a few drops 
of oil of oranges had been added, so that the essential oil and the alcohol 
have acted similarly. 

I have made numerous experiments with divers substances which were oxidi- 
zing or oxidizable, the details of which have been lost. In a general way I have 
found that the former increase the combustion of oxalic acid, while the others 


retard it. 
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But this rule is not always confirmed, on account of the intervention of what I 
have called in another paper phenomena of entanglement. ‘These operate so that 
one oxidizable body may involve another in the same decomposition which it 
undergoes itself. But here we begin to stray away from the subject of this paper, 
which is the actinic study of the atmosphere. I am content, therefore, to draw 
from the great sum total of the results I have obtained the following conclusions : 
The nature and the proportion of the oxidizable elements which living nature seat- 
ters through the air, betray themselves in the solar combustion of oxalie acid, which 
is the more feeble on the surface of the solution the more the radiations have met 
with unstable elements to oxidize during their passage. The organic substances of 
the atmosphere are therefore a protection against too intense an action of the chemi- 
eal rays at the surface of the soil, and the effect which they produce is not only 
measurable, but sometimes very great. In other words, we do not know what the 
chemical power of solar light may be at its entrance into the atmosphere, but on a 
level with the soil it is so impoverished that a thin layer of turpentine vapor, of 
sulphate of quinine, or of any oxidizable substance, suffices to destroy it almost 
completely. 

This conclusion has, however, another side to be considered, which is, that 

the atmosphere must at every moment be the seat of combustions, such that, on 
the whole, all luminous radiations are utilized. I shall not insist here on the power 
and the importance of the phenomena of oxidation which take place in the atmos- 
phere and at the level of the soil, nor upon the general effect which they have on 
sanitation over which they preside. I have published several memoirs on that sub- 
ject,’ to which I must be content to refer. I have there called attention to the 
power of the solar rays on microbes, first weakening and then killing them, a 
power which was first indicated, but incompletely proven, by Messrs. Downes and 
Blunt2 I have, moreover, studied the influence of the conditions of the medium 
on the resistance of germs. All that has been done since, has only confirmed the 
importance which I attached to light and to the chemical portion of the solar spec- 


trum as principal agents in the hygiene of the globe. 
INFLUENCE OF INCREASE OF LATITUDE. 


This first problem, that of the possible influence exerted by oxidizable sub- 


stances while in suspension in the atmosphere, having been sufficiently discussed in 


1 Annales de Chimie et de Physique, 6th S., vol. v., May, 1885, and Comptes Rendus, vol. €. and Cl, 
Annales del’ Institut Pasteur, vol. 1, p. 88. 

2 The conclusions of these scholars had been opposed by Tyndall and by Jamieson, so that 
when I took up the question anew, it had not yet met with a solution. It has found one to-day. 
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the statements just made, I found myself face to face, as Professor of Meteorology, 
with the following question : 

It is an acknowledged fact, that the activity of the vegetative process in the 
northern parts of Europe is very great. The interval between sowing and harvest- 
ing, for spring wheat, lasts on an average 145 days in Alsace. According to M. 
Tisserand it amounts to only 133 days at Halsn6, in 59° 30’ N, latitude ; and it is 
only 114 days at Skibbotten, in 69°30’ N. latitude. It decreases therefore as we 
approach the pole ; notwithstanding that the average temperature of the period of 
vegetation diminishes likewise with the increase of latitude. 

This decrease in the number of days needed for vegetation, as we draw nearer 
the north pole, seems to be a general law. According to Arnell, barley requires 
117 days to grow in Southern Sweden, 92 in Middle Sweden, and 89 in Lapland. 
It is true that these variations depend in part at least on the power which the plant 
has to adapt itself to external conditions, forif sown in our country the Norwegian 
grain grows more rapidly than ours, while our own native grain, carried to Norway, 
lags behind the acclimated variety. But this is not sufficient to explain all, and we 
must in the end always return, as a final analysis, to the influence of climate. 

We may go even a little farther in our induction. According to Griesbach 
the increased rapidity in the development of plants cultivated at the extreme north 
does not affect the whole evolution of the plant, but only the period between ger- 
mination and blooming. It applies, therefore, only to the green organs of the plant, 
and thus starts once more the question of light, which actually appears to be of 
greater importance than that of temperature. In fine, to return to the subject of 
our Memoir, the actinic influence of the solar rays seems to increase with the 
latitude. 

To what is this increase due? This question is still open and to it I have 
tried to find an answer. The first point to determine was whether the solution of 
oxalic acid also showed such an increase of actinic effect ? 

It was on this account that I asked Mr. Elfving to assist me, whose interesting 
experiment I have mentioned above (page 17). I sent to him at Helsingfors an 
oxalic solution, and ten vessels exactly alike, such as I had used myself in France, 
in order to make sure that at least, and as far as possible, those experimental condi- 
tions which we could control should be as identical as they could be made, 

Unfortunately there were other conditions which were entirely beyond our 
control. The ideal would have been attained with a series of days equally fine, 
oceurring simultaneously ip France and in Finland, and permitting us to make our 
observations under precisely the same circumstances. But there are obvious reasons 


why the weather could hardly ever be the same in France and in the Gulf of 
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Bothnia. When that vast mass of air, in relative repose, which I have named The 
Isle of Calms, rests over our part of the world and gives us fine weather, the equa- 
torial current, which turns it northward, is over Sweden and Norway, to which it 
brings overeast skies and rains; when, on the other hand, the Isle of Calms rests 
over the north of Europe, we are in France subject to stormy disturbances which 
come to us through the Mediterranean or the Gulf of Gascony, or we are subject again 
to the return current, which, after having rounded the “ Island,” comes back to us in 
the shape of cold east and northeast winds. To find favorable coincidences in this 
grand atmospheric dance, we should need months of continued observations, which 
neither Mr. Elfving nor myself were in a condition to undertake. 

In this difficulty we availed ourselves of the meaning of the word “fine day,” 
as I have shown above (page 13), which is so uncertain as to its actinometrie defini- 
tion that every effort to make it absolute as to perfect equality of experimental con- 
ditions becomes rather illusory. We could be content, more modestly, with a first 
approximation ; it was enough to compare the actinometric combustion of the finest 
days in the Gulf of Finland and in France, at the same time of the year. 

Nor is this all. The length of the day is greater at the North than at the 
South during the period of vegetation, and the length of the insolation has, we all 
know, a direct influence on the relative quantum of combustion. Hence I requested 
Mr. Elfving to make every day two sets of experiments, one with vessels exposed 
to the sun from 8 a.m. to 4 p.m, like those which I was using in France, and the 
other with vessels left out from 8 a.m. till the setting of the sun. 

Mr. Elfving made at Helsingfors between August 27th and September 4th, 1887, 
five series of experiments, which I cannot compare with those which I was making at 
the same time at the foot of the Puy-de-Dome, and the records of which have been 
lost. But Iam fortunately able to compare them with those which I had begged 
M. Ch. Mascart to make at the same time near the seashore in the Channel. These 
may perhaps be better fitted for comparison with those made by Mr. Elfving, as 
both were made at maritime stations. All that I noted when I received them was 
that they gave much higher figures than those which I obtained at the same time 
on the bare table-land which carries the Puy-de-Dome. 

In the first place, here is a table of the observations made in France ; it is 


formed in the same way as those which have already been given in this Memoir. 
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ST. PIERRE LE PORT, 1887. 


Date. | Combustion. | Remarks. 


August 15 44 % | Clear weather till ro o'clock p.m. ; later cloudy. 
m6 38 % | Rain till 2 o’clock ; later overcast. 
he LT, 31% | Very clear from 11 till 3 ; afterwards cloudy. 
“= TS. >| 23% | Three-fourths cloudy till 10 a.m. Clear from 1o till 3 P.M. 
= <9 33 % Half overcast in the morning ; then quite clear. 
= fzo 21 % Half overcast all day long ; a slight fog. 
~ 20 28 & Slightly overcast in the morning ; then clear. 
heen | 30 & Slightly overcast in the morning ; then clear. 
P23 | 36 % | Fine weather. 
“ 24 | 29 4 “ “ 
Since ia A 42 % | Warm. Very close. Clear weather. 
2098 || 32% _ Covered in the morning and evening. Clear from 12 till 3 P.M. ’ 
che Coe AM 23% | Overcast. Rain from ro till 1 A.M. 
sa 428 24% | Unceasing rain. 


Here again the solar combustion increases with the fine weather and diminishes 
when the sky is overeast or rain falls. Although the weather was on an average 
less fine than during the corresponding series of experiments cited before, the latter 
gives, on the average, higher results, a fact which confirms what we have already 
said concerning the actinometric differences of different years at the same epoch. 

Here are now the experiments made by Mr. Elfving at the same time in 1887: 

Helsingfors, latitude 60° 10’. Length of day, 14 hours. Height of the sun 
above the horizon at noon, about 38°. 


Solar Combustion. 





Date. i 
| From 8 A.M. to 4 P.M. All day long. 
August 27 42% 55% 
etek 50 % 65 
29 53% 61% 
September 2 | 74% 87% 
F 4 | 77% 89 % 


“The difference between the first three days and the two others is quite great ; 
it arises, no doubt from the fact that the atmosphere had been purified by heavy 
rains on August 80th and September stand 3d. In March, I had already observed 
this effect of rain.” (M. Exrvrne.) 


The figures in the first column are on an average higher than those which cor- 
respond to them in the preceding report, and this superiority must be all the more 
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striking, as by a mistake in our agreement the exposure to the sun lasted an hour 
longer in France than in Finland. The latter ought, therefore, to be somewhat 
increased, in order to make the comparison more just. We shall presently return 
to the results marked in the last column. Mr, Elfving had worked only during 
five days; the comparative experiments were therefore not numerous enough, and 
by a common understanding another beginning was made in 1888. 

Here is the report of the experiments which I made in France, in the garden 
of the Agronomic Institute, during the months of May and June, 1888. My official 
duties prevented me from making them in an unbroken series, and, moreover, I had 
to leave out three observations during which a fierce wind suddenly sprang up and 


covered my vessels with a layer of dust. 


PARIS. EXPOSURE FROM 8 A.M. TO 5 P.M. 


Date. Combustion. Remarks. 
May 12 46 % A fine day. Fresh north wind. 
- 13 | 29 % Very fine day ; rather warmer than the day before. 
es r4 | 50% Cirrus in the morning. Very fine day. 
1 15 23% Sky overcast. Barometer falls. 
“ 7p | 52% a South wind. Cirrus. 
“ee 18 2 % oe “ “ee 
oi 20%) 27% Quite a fine day. N. wind. Cirrus and alto-cumulus. 
Se 21 | 35 % Sky overcast. Lighter in the evening. Fresh east winds. 
“ 26 43 % g. g. clouds ; fine at night. Fresh north wind. 
vf 27 | 30% Quite a fine day. g. g. Cirrus. Sudden storm. 
June 1 | 33% Fine day. No wind. 
eo il 55 % Warm and stormy day. 
3 39 % Very warm day. South wind. 
5 42% Warm and stormy day. Sky overcast. 
2) || 64% Fine day. A little air. 





The correspondence between the degree of combustion and the state of the 
atmosphere is less striking in these observations, which were made in Paris, than in 
those made in the country, which is less surprising when we bear in mind the 
incessant heterogeneity and variability of the air in a large city. The influence of 
the spring season, however, to which reference was made before (page 14) is shown 
in the relative magnitude of the figures of combustion. The figure 64 %, dated on 
June 12th, is very exceptional. 

Here follow next the results obtained almost simultaneously by Mr. Elfving 


at Helsingfors : 
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HELSINGFORS. EXPERIMENTS MADE IN 1888. 


Solar Combustion. 








Date. 
From 8 A.M, to 4 P.M, All day long. 

May 19 50 =e 
Es 21 47 % 58 % 
k 22 56 % 76 % 
KS ae 98 53 % 65 % 
x 24 37 & 55 % 
Xe 27 | 44% ge 
i 3° 46 % 72 & 
* 31 51 % 72% 
June 4 48 % | 63 % 
> ae 7 48 % 70 % 
5: 8 8 74% 
- 9 56 % 79% 
m 10 57 % se 
ie I 54% 80 % 


On the days marked with a cross (x), the sky was more or less overeast at 
Helsingfors. All the figures in the second column ought to be raised slightly, in 
order to make them fit to be compared with those in the preceding table, which 
correspond to an additional hour of exposure. It will be seen, however, that they 
are on an average higher, although none of them reach the exceptional figure of the 
12th of June at Paris. 

The conclusion is the same as that derived from the experiments of 1887. In 
order to add to its weight we recommenced another series in August and Septem- 
ber. This time I installed myself on the Mont Dore, at a height of about 1100 
metres, in a house some distance from that little village. 








MONT DORE, 1888. 








Date. | Combustion, Remarks. 
August 9 26% Cirrus in the morning, which increased towards evening. 
; 10 19 % Fine day. 
2 11 18% A Sky slightly covered. 
ae I 2 19 % ‘ “ “ 
i 13 18 % Cumulo-cirrus in the morning. Fine afternoon. 
% 14 27% Fine day. Sky a little cloudy in the evening. South wind. 
. 16 27% Very fine day. Atmosphere limpid. Cirrus in the evening. 
* 17 _— Rain all day. No exposure. 
me 18 _ Sky overcast, and rain. 
sf 19 22% Fine day. Cumulo-cirrus and cirrus. 
is 20 15% Cirrus all day, especially in the evening. Barometer not falling. 


“ 31 15 % Large white cumuli. 





AND THE ACTINIC CONSTITUTION OF THE ATMOSPHERR. 


~I 


Date. | Combustion. 





Remarks, 
September 1 | 15% | Same weather as day before. 
t 2. | 10% | Middling day. 
* 3 24% | Quite a fine day. Many cirri. 
a 4 12% | Middling day. 
oe 5 | Il % oc 
= 6 12% | Quite a fine day. Some cumuli early. 
% ql Il % Middling day. 
. 10 | II % Quite a fine day with a few clouds. 
ae tt % | ae oe ae “ 
i 12 18 % | Fine day, hot sun, a few cumulli. 
ry 13 25 % | Fine in the morning, middling later. 
i 14 | 15 % | Fine day, very warm. 
4 15 9% | Very fine day, as yesterday. 
a 16 4% | Middling day. Warm and heavy. 
SF 17 29 % | Day divided between sun and clouds. 
. 18 — | Dark day. 
8 19 30% | Superb day. 
20 10 % | Sky fine early ; covered in the evening. 
* 21 17 % | Day rather finer than day before. 
4 22 13% Quite fine in the morning. Cloudy at night. 
oe 26 15 % | Cumulus concealing about 4 of sky. 
i 27 25% | Rather better than the day before. 
s 28 49 % | Rather a dull day, but no clouds. 


Between the 20th and 3oth August there followed a long period of rain and overcast sky. 


What strikes us in reading these figures is their smallness even on fine days. 
They are the smallest I have ever had to record in August and September, on an 
average, and this although the latter month was rather fine at Mont Dore during 
1888 ; there is also to be noticed a great lack of agreement between the apparent 
character of the day and its actinometric character. Thus the very fine day of Sep- 
tember 15th gave only a combustion of 9 per cent, when the slightly veiled day of 
September 28th gave a combustion of 49 per cent. This is a new confirmation of 
what has been stated before. 

I partly attribute the very great want of agreement noticed at Mont Dore to 
the fact that this station is surrounded on all sides by pine woods which diffuse 
through the air a large quantity of terebinthine exhalations, so that the odor be- 
comes striking. This explanation also agrees with the notions which I have 
suggested before. Nevertheless I admit that it would require very special com- 
parative experiments to establish it firmly, and to draw from it the proper signifi- 
cation. We must be content, for the present, to remark that if our explanation is 
correct, it will also account, as a whole, for the want of agreement already 
mentioned. If the exhalations of essential oils are really able to arrest actinic 
radiations, the effect of what we call a fine day will be very variable according as 


it will succeed a period of rains which may have washed the atmosphere, as in the 
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observations made by Mr. Elfving, or as it may come to us after a warm day or a 
period of great heat, which may have increased the invisible cloud of terebinthine 
vapors or other odorous essences. But, I repeat, all these points must be investi- 
gated directly, and this preliminary study, although it has continued for many 
years, has no other claim than that of suggesting new subjects for the study of the 
atmosphere. 

Let us now return to the comparison of the effects which equal periods of 
exposure have in France and in Finland. The following are the results obtained 
by Mr. Elfving at Helsingfors, during the same period of the same year: 


HELSINGFORS, 1888. 


Solar Combustion, 
Date. - - ——- . Remarks. 


From$ A.M, togr.M.) All day long. 





August 22 56% 66 & Clear sky. 
Ag 23 51% 60% Almost clear 
oo 26 35 % 45% Cloudy. 
¥ 27 56% 75% Clear. 
x 28 50% | 68 % Ha!f-overcast. 
. 29 55 % 71% Very clear sky from 9 A.M. 
* 30 53% 70% Very clear sky from 9 A.M. to 12, 
“6 31 39 % mich “ “ “ “ “ 
September 2 49 % 59% Very clear sky. 
' 3 49 % 67 % a ek 
g 6 54% = Almost clear. 
sf 8 49 @ — Clear early, overcast afterwards. 
sk 9 52% 62 % Very clear sky. 
“ 10 56 % — “e “ 
“ 11 59 % —— oa “ 
4 14 514 _ Clear sky. 
ae 15 46 % aa “ 
“ 16 51 % | a= “ 
Saat ay Sik ogee ‘ 
= Clouds. 


18 42% 


The regularity is here greater than in France, and what is especially remark- 
able is the close resemblance in an actinometrie sense of the days which are marked 
as “similar,” in the column of “Remarks” (Aug, 29th and 30th, Sept. 2d and 3d, 
14th, 15th, 16th, and 17th). But what is perhaps most striking in this table, when 
compared with that on page 26 is that the figures of solar combustion are notably 
higher than they were in France at Mont Dore, at the same time of the year. 
Still, Finland is very rich in resinous woods, and even if the station were less sur- 
rounded by them than at Mont Dore, the altitude is lower, which to some extent 
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makes partial compensation. Besides, the higher figures obtained at Helsingfors, 
persist at the three positions of the French station: at Paris, on the coast of the 
Channel, and on the mountain of Puy-de-Dome. 

There can, therefore, remain no possible doubt on this point: the actinic 
intensity of light in northern countries, close to the soil, is greater than in our 
temperate zone at the same hours of the day. It would no doubt be found still 
weaker if we approached more nearly to the equator. This conclusion was alto- 
gether unforeseen. 

The fact once established, explanation becomes necessary. ‘This greater ac- 
tivity of combustion which the air has in northern regions, might be ascribed to 
ozone, rendered more abundant there by the discharges which constitute the 
aurora borealis, and more active by the action of light. I have begun to study 
this subject, but my experiments, interrupted by winter and my return to Paris, 
are not yet completed, and I shall not be able to take them up again till next 
spring. I believe, however, that I may already say that ozone can have but a 
very secondary influence on the phenomenon, and that if ght is more active 
within the same length of time at the north than in France, the reason is that it 
has lost fewer of its chemical radiations in passing through the atmosphere, because 
the latter is poorer in oxidizable substances. I know, of course, that there are in the 
north those pine forests, of which I have spoken before, and that perhaps, if 
Helsingfors were built in the heart of the woods, instead of being a large city on 
the sea-coast, the points of difference would be somewhat less. But there would 
always remain the fact that the quantities of vapor diffused through the air 
increase with the temperature, and that, for one and the same aspect of the fauna 
and the flora of the earth, the equatorial atmosphere will always be more heavily 
loaded than that of the temperate zones, which in its turn will again be more so 
than that of boreal regions. 

Whatever finally the explanation of the fact may be, the important point is to 
show that it exists, and that there is a difference in light, so far as its quality is con- 
cerned, at the same hours of the day, at the north and in the heart of Europe. 
But this is not all. After having examined this question of quality, we have to 
look next at the question of quantity. Tlie days which are useful to vegetation at 
the north are longer than with us—what now is the influence of the duration of light 
on the chemical phenomenon which serves us as a means of measurement? Is the 
‘effect thus produced proportionate to the length of exposure to the sun? Does it in- 
crease more or less slowly? Such are the first questions which we have to consider. 

I believe they are new, because up to this day, both as regards meteorologie 


instruments and in theoretical speculations, it has always been held that the effect 
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of illumination was, everything else being equal, proportional to its duration. We 
shall see that this is not so, and that the effect increases much more rapidly than 
the increase of time, so that all the notions which we entertain on this subject 


stand in need of revision. 
INFLUENCE OF THE DURATION OF ILLUMINATION, 


So far we have taken as a measure of the total actinic effect during the period 
of exposure, the sum total of the oxalic acid consumed, The conclusions which 
we have thus reached, subsist, whatever may be the law which connects the com- 
bustion with the actinic effect; it has been enough for us to expose, during the 
same length of time, solutions equally sensitive, in two different places and to pro- 
ceed always by comparison, 

But the law of the increase of actinic effect, with the time of insolation, does 
not the less merit attentive investigation. ‘To begin, let us ask first, if the total 
effect of combustion, observed at the close of a day, upon a solution of oxalic acid 
exposed to the sun, represents the sum of the divers actinic effects produced at the 
different hours. 

One way to answer the question is to expose in the morning, side by side, two 
vessels holding the same quantity of the same solution. One is to be examined at 
the end of the day, and this will give us the sum total of the effect. The other is 
to be examined at the end of an hour, and then to be replaced by another vessel like 
the first, but containing new liquid, to be likewise studied after another hour’s ex- 
posure. In like manner, we shall renew the study at successive hours. If the 
actinic effects accumulate, without loss or encroachments in the liquid of the vessel 
which has been exposed to the sun all day long, the quantity of acid which we 
shall find has disappeared must equal the sum of the quantities of acid which have 
vanished in the vessels that were exposed for an hour each, 

The experiment, repeated again and again, shows that it is neverso. The sum 
of the quantities of acid burnt in the vessels which have been exposed each one 
hour only, is always insignificant in comparison with that consumed in a vessel 
which has spent the whole day in the sunlight. The difference varies from one day 
to another, and increases with the intensity of combustion. It decreases slightly if 
we carry the exposure of the successive vessels to two hours, and still more if we 
extend it to three or four hours, as should be expected. But, even if we divide a 
day of ten hours into two equal periods, one from 7 a.m. to noon, and the other 
from noon to 5 p.m, the sum total of acid consumed in the two vessels that correspond 
to the two periods of exposure sometimes does not exceed half the acid consumed 


in the vessel which spent ten hours in the sun. The combustion, therefore, does 
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not begin assoon as the vessel is exposed to the light. There is a “lost time” at 
the beginning ; two hours, three hours, are necessary for the solution to put itself 
in action. During this whole time the work is wholly interior and betrays itself 
by no diminution of the acidimetric titre. 

This “dead time” at the beginning of the reaction should not surprise us. 
When we study the different reactions of chemistry, from this point of view, we 
become aware that there are few which begin immediately upon realization of the 
exterior conditions of production, even in cases when the energy which comes into 
play is altogether internal as regards the mixture. The formation of a precipitate 
of barium sulphate is not instantaneous; that of calcium sulphate, or of calcium 
tartrate, is still less so; a mixture of formate and of permanganate of potassium 
remains apparently inert for some seconds, after which begins an abundant, and, to 
some extent, an explosive liberation of carbonic acid, proceeding from the combus- 
tion of formic acid. 

Here the heat produced by the reaction intervenes to increase its activity. We 
can say the same of the phenomenon which Bunsen and Roscoe discovered and in- 
vestigated under the name of “ photochemical induction,” in the combination, in the 
sunlight, of chlorine and hydrogen. This reaction also requires a certain time to 
commence, but it accelerates afterwards, because it is exothermic. The same 
remark applies to the reduction of chloride or bromide of silver in the presence of 
an organic substance, which also shows a “dead time” at the beginning, and be- 
comes more energetic afterwards. The same remark applies, moreover, to almost 
all photographic operations, whether we wish to obtain luminous impressions, to 
develop images, or to produce positive prints. 

If we observe a “dead time ” when the forces are internal and accelerating, it 1s 
not surprising that we should find a like one also in the solar combustion of oxalie 
acid, where the impulse is to come from without and where the reaction is so feebly 
exothermic. But this verification presents here an interest which it has not else- 
where, for we connect it intimately with the phenomena of sensibilization, which 
we discovered previously in the solutions of oxalic acid. In both cases a molecular 
preparation is evidently involved, the mechanism of which is still unknown to us, 
but which results in placing the molecule upon a kind of inclined plane, down 
which it may be made to roll by the slightest impulse. As a confirmation of this 
idea, I have ascertained that in fact the “dead time” at the beginning is less pro- 
tracted with solutions which have been made sensitive, than with new solutions, so 
that if the latter do not undergo in the light of the sun, as we have seen before, 
the same degree of combustion as the others, it is partly because the “dead 


time ” at the beginning is shorter, But I say “ partly ” because there is still another 
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phenomenon. We shall see that combustion, once begun, does not go on with regu- 
lar and equal steps, but is made to proceed faster and faster. In other words, every- 
thing goes on as if the sensitiveness were increasing during the oxidation. To put 
it still differently, the quantity of burnt oxalic acid, which amounts to little or next 
to nothing during the first moments of the exposure to the sun, starts out and in- 
creases, from that instant, quicker than time, so that there is no proportion between 
the length of the insolation and its consuming effects. 

In order to take account of effect of insolation upon an oxalic solution, let us 
slightly modify the conditions of an experiment which I have just described, Let 
us expose in the morning a dozen similar vessels to the sun, and let us withdraw 
every other hour two of them, which will give us the sum total of combustion up to 
that moment. It will be easy by this means to ascertain the progress of combustion 
during thé whole day. The following experiment I cite, not as being the most 
complete of those which I have made, but because it was performed with a solution 
of the same sensitiveness as that used in other experiments which I shall quote 
presently, so that all of them are comparable. 

Exp.—On September 6, 1888, at 8.30 at, on Mont Dore, I exposed to the sun 
four vessels, which I withdrew at various intervals, and in which I meas- 
ured the proportion of oxalic acid burnt. 


Solar Combustion % 


After 2 hours o % 
“e 4 a“ 3 % 
ae 8 as 10 % 
oe Io “ T2 % 


We see at the start the “dead time” of the beginning. We see, moreover, 
that from the fourth to the eighth hour, that is to say from 12.30 p.m. to 
4.30 p.m., the combustion was twice as rapid as from 10.30 A.. to noon, in 
spite of the gradual descent of the sun towards the horizon. During the 
last two hours, and notwithstanding the obliquity of the solar rays, which 
is already great at this time of the year, the combustion was still two 
thirds of what it had been between 10 a.m. and noon, 

It is always the same, whether the total combustion be feeble, as it was at 
Mont Dore, or active,as I have at times found it in Paris. From the sum total of 
my results I think I may conclude that the progress of solar combustion does not 
remain constant during the whole of the day, and that instead of increasing towards 
noon, in order to decrease afterwards in proportion as the sun approaches the hori- 
zon, it, on the contrary, experiences a progressive acceleration which does not cease 
till the sun is near its setting. 
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Everything, then, goes on as if the sensitiveness which, as we have seen, a solu- 
tion of oxalic acid attains if left to itself in darkness, were not by any means a 
maximum sensitiveness, and might be greatly increased in the light. I have in fact 
ascertained—and we shall presently see an example of it—that a recent solution of 
oxalic acid may be made very sensitive by a few hours’ exposure to the sun, and so 
be brought up to the level of an old solution, or even beyond it. But then an un- 
foreseen consequence appears: the sensitiveness acquired in darkness is persistent 
—might it not be perhaps the same with sensitiveness acquired in the light, so that 
the accelerating effect of a fine day might spread, as it were, in its totality, or at 
least in part, over the following day ? 

The following experiment proves in fact that a solution left for a whole day in 
the sun, and which has not been entirely oxidized, will retain for the next day a 
greater sensitiveness than another part of the same solution which was not pre- 
viously insolated. 

Exep.—There were exposed every day to the light four identical vessels, two of 
which were carefully examined at the close of each day, while the other 
two were left in reserve for the day following; on this day they were 
again exposed to the sun at the same time with the four new vessels of a 
second experiment. The total of combustion in the vessels which were 
exposed for two days was then compared with the sum of combustions in 
the vessels which were each exposed only one day. Some of the results 
which I thus obtained are as follows: 


The day of Sees 2d, combustion 10 % t 34 ¢ in all. 


«ec “ “cc ‘ 3d, “ee 24 % 
Both days together, 68 %. 


The amount of combustion has therefore doubled. Here are the results 
of another experiment : 


The day of sige: 4th, Coon 12 % eaten 
: 5th, 11% 


“ “ “ 


Both days together, - 38 %. 


The difference points in the same direction as the preceding experiment; only 
it is not quite as great, because the two days, September 4th and 5th, were both 
quite indifferent days (page 28), whilst the day of September 3d in the first experi- 
ment was very fine. 

To sum up, we see that the insolated vessel of the first experiment under- 
went on the second day a combustion of 68 — 10 = 58 per cent, while a new vessel 


suffered only an oxidization of 24 per cent. As to the second experiment, the cor- 
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responding figures are 26 per cent and 11 per cent; this shows that not only does 
the sensitiveness of the oxalic solution increase in consequence of insolation, but the 
gain continues during the night. Some experiments of the same kind, which I will 
not now explain in detail, prove that this excitation of sensitiveness by means of inso- 
lation, endures even to the second day after, in a solution which is kept in the dark 
alter having been exposed for a day to the sun. It is only after three days, there- 
fore, that traces of sensitiveness are no longer discernible. By that time, the 
insolated solution has nearly returned to the degree of sensitiveness which the 
mother liquid possessed, which seems thus to correspond to a kind of equilibrium. 
It is in fact remarkable that the different sensitive liquids which I have used in my 
long experiments and which were prepared at very different times, with the single 
precaution that they were not to be used before the lapse of several months, had all 
of them, at the moment when I used them, very nearly the same sensitiveness. It 
was on September 8th and 9th that I had to change my solutions at Mont Dore, 
and I availed myself of the fact that these two days were but indifferently fair, to 
interrupt my series and to compare again and again the old liquid with the new. 
The titre was always the same for both. Mr. Elfving compared likewise two solu- 
tions which I had sent him a year apart, and found in four days of experimenting 


the following corresponding figures for the old and the new: 


Old Solution. New Solution. 
ist day, combustion, 584 56 & 
odin i 52% 51% 
adie 5 63 % 60 % 
4th “ 2 42 % 35 % 


The old solution was a little more sensitive, which is the usual rule. But 
the difference was trifling, aud thus our former statement was confirmed (page 9). 
The oxalic solution, kept in diffused light, reaches a fairly constant sensitiveness in 
a few weeks, but this maximum, although stable, is not a maximum maximorum. 
It may be temporarily exalted in the sun, continue if the illumination continues, 
and return to its original level after some days of darkness. 

In order to make this conclusion really valuable, we have to overcome one last 
objection. Might it not happen that the increase of combustion discovered on the 
second day in a vessel which had been insolated on the day before, might mean 
simply the suppression of the “dead time” at the beginning? Starting earlier, the 
combustion might better utilize the good hours of the day, and thus be enabled to 
go farther. A priori, the intervention of this cause does not seem to explain suffi- 


ciently the great difference observed. But it is safer to consult experience. It will be 
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sufficient to cut the two days of observation by an intermediate examination and to 
discover the intensity of combustion during each one of the intervals. Thus it can 
easily be seen whether the vessels change at the same rate, after having recovered 


their “ dead time,” 


or whether the vessel which had been insolated on the previous 
day, still progresses more rapidly than its neighbor ? 
Exp.—On September 12, 1888, a fine day with a warm sun, and a few cumuli, 
there were exposed to the sun 4 vessels, Nos. 1, 2, 3, and 4. 
Vessel 1 was examined 
after 5 hours; combustion 10 per cent. 
Vessel 2 
after 9 hours; combustion 18 per cent. 
Vessels 8 and 4 were put aside and exposed anew on the next day with 
two new vessels, Nos. 3’ and 4’. This day, the 13th, was very fine, with a 
few cirri in the morning. It changed a little for the worse towards evening. 
Vessel 3’ was examined 
after 5 hours; combustion 13 per cent. 
Vessel 3 
after 5 hours; combustion 44 per cent. 
The difference is considerable and is certainly in part at least due to the 
suppression of the “dead time” in the vessel which was insolated on the 
day before. But this again is not all, for during the second half of the 
day, the insolated vessel kept up a much more rapid progress than the 
other, as the following figures clearly show : 
Vessel 4’ examined after 9 hours; combustion 25 per cent. 
Vessel 4 examined after 9 hours; combustion 62 per cent. 
The acceleration in the solution which had been insolated on the day 
before, thus continued throughout the day, and while in the second half 
of the second day, the new liquid only showed an increase of 25 — 18 = 
12 per cent in its combustion, the liquid insolated the day before rose 
from 44 to 62, undergoing thus an increase of 18 per cent. 

It will also be noticed that in the morning this same liquid had increased 
from 44—18 = 26 per cent, while the new liquid experienced a combustion of only 
13 per cent. Here has come in the double effect of suppression of “dead time ” 
and that of the acceleration. The two solutions became a little more nearly equal 
towards evening, but the insolated solution continued its quicker progress. 

Thus there can be no doubt that the insolatton during the previous day 
continued its effects over the next day and the day after that. But this is not all. 


ois that the sensitiveness due to the 


oO? 


One fact, no less curious than the precedin 
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action of light, enables the solution to undergo in diffused light a combustion 
which is out of question as long as it has only its normal degree of sensibility, that 
is, the degree obtained by keeping for some weeks in a diffused light. 

In August, 1889, at Noalhae near Aurillac (Cantal), at an altitude of 
about 700 metres, I prepared a solution of oxalic acid, part of which was 





Exp. 


left in a flask, exposed to a very feeble light, while another portion was 
exposed to the sun in a stoppered bottle. This was in order to see if the 
process of rendering the solution sensitive was necessarily accompanied 
by a process of combustion, or whether it could be accomplished without 
the latter. The experiment showed that the two effects are independent 
of each other. The solution contained in the closed flask had at its dis- 
posal only a very smal] quantity of dissolved oxygen, which it consumed, 
moreover, with but a slight diminution of its titre, but in one day of inso- 
lation it reached an intense sensitiveness, which was maintained for 
several days at the same rate by preserving it in a diffused light. 

On August 30th, I exposed to the sun two vessels containing some of 
this insolated solution, and at the same time, two vessels of the same 
non-insolated preparation. The figures for solar combustion are: 

18 and 19 per cent for the non-insolated, and 
92 and 92 “« “« « “insolated liquid. : 
The day was a very fine one; the flask with the insolated solution 
remained in the sun, but closed. On August 31st, two groups of two 
vessels each were prepared, one containing non-insolated, the other inso- 
lated solution. One of these groups was exposed to the sun, the other 
on a window-ledge, facing the north, where it received no light but that 
coming from the sky and dimmed somewhat by a slight dry fog. The 
figures found after 8 hours’ exposure, for combustion in the sun and in 


diffused light, were the following: 


Insolated liquid lost 63 per cent in the sun. 
Non-insolated  “ 94 Fe cee 
Insolated a To FS in diffused light. 
Non-insolated =“ eG a me ss f 


The next day, September Ist, during a dark, threatening day, the 
same arrangement gave the following results ; 
Insolated liquid lost 50 per cent in the sun. 
Non-insolated “ “ 18 o Satohik 
Insolated st ep “in diffused light. 


Non-insolated “ “ 3 “c “ “ “ 
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Thus a previous insolation increases the rapidity of combustion, not only in di- 
rect light but also in diffused light. The experiment of September 2d shows, how- 
ever, when compared with that of the day before, that this diffused light must 
have a certain intensity to make its effect measurable after some hours. But, 
viewed by itself, this experiment shows that even a dark day still has an accelerat- 
ing effect upon a solution which has not seen the sky since the second day before. 

The insolated liquid was from that moment kept in diffused light at the back 
of a room with but one window, facing the north. It was found that after a few 
days it had not sensibly changed in titre, but variation began to show itself at the 
end of a month. We thus see how here also, in spite of good conditions of preser- 
vation, the phenomena of slow combustion appear which have been observed since 
Wettstein in solutions of oxalic acid. Not insolated, this solution preserved in the 
samme manner had remained much more stable, which shows that it is necessary to 
avoid exposure to light, even temporarily, or even in a carefully closed flask, of 
solutions of oxalic acid which are intended for processes of titration. The lumi- 
hous impression, once received, persists and makes them much less stable—it con- 
tinues, as we shall presently see, even after the liquid solution has been placed in 
darkness. 

Exp—Another experiment was begun identical with those that have just been 
described except that the flask which contained the insolated solution, 
sheltered from the air, was kept for three nights and two days in a cupboard 
of the laboratory before being distributed into vessels on September 6th. 
Unfortunately the day of the 6th was disturbed by cirri and cloudlets. 
The insolated liquid lost 20 per cent in the sun, 

Non-insolated liquid lost 7 per cent in. the sun. 
The oxidation in diffused light was insignificant. 

The proportion of oxalic acid burnt in sunlight is, therefore, still, after 60 
hours of obscurity, three times greater in the insolated solution than in the other. 
But the sensitiveness decreases afterwards and the difference soon ceases to be 
measurable after a day’s exposure. We here meet again with that retrogradation 
which we have pointed out earlier, and which brings us back to normal sensitive: 
ess. 

I add, in order to close the subject, that this solar impression, which disap- 
pears slowly, is on the other hand produced very rapidly, and that, when investi- 
gating comparatively, with respect to the combustion which they undergo, the 
solution which I had exposed to the sun, in three flasks, and 1, 2 and 38 days, 
respectively, I have not been able to show that there was any essential difference 
between them ! 
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I have left aside, in all which precedes, the question of the mechanism con- 
nected with both sensitization and combustion. The former goes on when the 
solution is sheltered from the air, and can take place only by a new arrangement 
of molecules. Combustion, on the other hand, takes place in contact with the air 
and possibly with the formation of ozone or of hydrogen peroxide. That is a ques- 
tion which must be investigated by itself. I purpose here only to put in evidence, 
as regards the constitution of the atmosphere, some properties and a variability of 


effects, not hitherto observed. 
MerrreotoaicaL, Hyerentc, anp AgricunruraL Errectrs. 


If we now return, with the results which we have obtained, to our investiga- 
tion of the causes which provoke the rapid development of vegetation in the extreme 
northern regions, we see that those regions are superior to ours in a twofold 
aspect. 

1. That cause which depends on the constitution of their atmosphere consists in 
this, that the absorption of the chemical radiations of solar light is there less great 
than with us. The actinic power at the level of the soil exceeds that which we 
have observed around ourselves at different hours of the day, and that in spite of 
a lower sun and a greater thickness of atmosphere, which the rays must traverse. 
These differences are due mainly to the fact that vegetation in the north sends 
into the air fewer oxidizable substances to form a screen. 

2. The other point of superiority connected with the geographical situation 
consists in this, that in the extreme north, during the period of vegetation, the 
days are longer than in our temperate zones, and that the actinic power, at least 
so far as it may be measured by a solution of oxalic acid, increases more rapidly 
than the length of the day, and this out of all proportion. After a period of prepa- 
ration, combustion begins, then accelerates so rapidly as to make up for time lost 
at the beginning, and finally, towards evening, reaches unusually high figures, such 


as are unknown to our regions. It is in this way that combustion has risen to 


37 and 89 per cent on September 2 and 4, 1887, 
79 and 80 per cent on September 9 and 11, 1888, 


75 per cent on Aug, 27, 1888 at Helsingfors, 


and this at a time when the highest figures, relatively to the same periods and with 
the same solutions, did not exceed 50 per cent and were even sometimes much 
lower in our country. In order to reach figures equal to those obtained in the Gulf 


of Finland, it was necessary for me in France to accumulate upon my vessels the 
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radiation of two consecutive days. It may thus be said that, speaking generally, a 
day at the north is worth two of ours as regards actinic power. 

Not only does the actinic effect of a fine day increase more rapidly than the 
length of the day itself, but it may actually spread itself over the next day, and 
the day after that, and thus make up, in some degree, for the absence of the sun, 
In like manner, a fine morning may render combustion more rapid even though 
the evening be dark and stormy. It is enough that the liquid shall have been 
made sensitive; and as this sensitization is the more rapid as the actinic intensity is 
greater, the atmospheric condition of northern countries favors them in this respect 
beyond us, and a new superiority is thus attained through the superposition and 
mutual emphasis of the other two causes. 

Finally, the sensitiveness produced by a fine day continues for several days. 
A number of bad days, following each other, is consequently not a period of 
inertness and loss; it draws upon the store which was collected during fine 
weather. On the other hand, we have seen that the sensitiveness which was 
acquired in the sun, did not increase without limit, and that it reached quite rap- 
idly a maximum beyond which it did not go. A succession of fine days, therefore 
does not develop actinic phenomena to an extreme. We here meet once more 
with the system of balancing which weakens great effects, increases small ones, 
and which has been pointed out with regard to so many other manifestations of 
the forces of nature. 

Summing up the matter, then, it would seem that we have hitherto missed our 
way, in considering the chemical action of solar light as independent of locality and 
proportionate to time of isolation, or as furnished or measured by meteorological 
instruments. The first of these notions was purely instinctive and was suggested 
especially by the uniformity which was ascertained to exist at different points of 
the globe in so many other grand meteorological phenomena (such as the composi- 
tion of the air, the average barometric elevation, the mean distribution of nebulos- 
ity, etc.) Instead of such a uniformity, we find, on the contrary, actinic climates, 
limited in point of surface, for they betray the local influence of the surface of the 
soil—limited also in point of duration, for they are due to two kinds of clouds 
which are subject, like the others, to the influences of place and season. 

Misjudging thus local influences, only the first cause has been thought of, and 
all efforts had been directed towards measuring the duration of insolation, On 
this point, I think I have shown that the wrong 
force of a day is not the same for the same day, in different parts of the globe, and 
its effect increases more rapidly than its length; such is the principal lesson of this 


Memoir. 


y way had been taken. The actinic 
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One step farther might be taken. We have just ascertained that in the solu- 
tion of oxalic acid there takes place a kind of storing up of light, which shows 
itself in an increase of sensitiveness as regards phenomena of oxidation. Might 
not the oxygen which is present in the solution, or even that which is constantly 
dissolved there and transformed, might it not itself be rendered sensitive, ind so be 
endowed with an oxidizing power which it could afterwards use in diffused light ¢ 

I have found nothing, while searching in this direction, with oxalic acid ; this 
reagent, quite sensitive enough for the study of powerful actions, is not sensitive 
enough for such weak actions as that which I have just suggested. But I 
have been more successful with oxidizable substances of sharper reactions, so that 
the very smallest variations became measurable. This is the case with diastases ; 
an almost infinitesimal quantity will produce very apparent effects, and it is, there- 
fore, easy to trace their disappearance by oxidation in the liquids which contained 
them. With rennet especially the very smallest variations in quantity can be ap- 
preciated from corresponding variations in the time of coagulation of equal quan- 
tities of milk, so that this diastase is very convenient for study. By such means 
I found that it oxidized and disappeared in water which had been previously 
exposed to the sun, while it remained, if not quite intact, at least nearly so in the 
same water as freshly drawn from the hydrant. I also found that a glass flask 
exposed to the sun stored up on its walls enough chemical radiations to accelerate 
afterwards the oxidation of a solution of rennet, which was allowed to stand in the 
shade, oe 

All these facts, upon which I do not insist because they go beyond the limits 
of this work, enlarge the field of those phenomena to which they apply. If inso- 
lated liquids and solids, may in certain cases, like our solutions of oxalic acid, 
acquire properties which they had not before, the phenomena of solar combustion 
may well extend below the surface, which has been directly illuminated, and assume 
in the general economy of the world an importance, no doubt as yet inferior to 
that of microscopic organisms, but certainly no longer to be neglected, as it has 
been heretofore. 

Since I have entertained the views which I have developed in the preceding 
pages, I have investigated especially their agricultural and hygienic consequences. 

As far as hygiene is concerned, I have shown more clearly I think than 
Messrs. Downes and Blunt that solar light kills the germs of microbes suspended 
in the air. I have proved, moreover, that this destruction was preceded by a 
veritable attenuation.’ 


’ Annales de Chimie et de Physique, 6th ser., vol. v., 1885. 
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I have ascertained since that this destruction and this attenuation go on in 
the superficial layers of the soil and even down to some depth. Tf, in the many 
attempts to count the microbes of the soil, it has so often been found that the 
number is less near the surface than at the depth of a few centimetres, we must 
attribute this result much rather to solar combustion than to desiccation. The 
sanitary action of oxygen, which is pursued and completed in the atmosphere, 
begins therefore, thanks to light, at the surface of the soil, and the healthiest coun- 
tries are those in which the actinic power of the sun is greatest. 

By a curious mechanism, which I have tried to make generally known, the 
solar action which neutralizes the microbes which it encounters, can act like them, 
and take their place. I have in fact shown in an extensive work ' that the changes 
which carbohydrates undergo upon exposure to sunlight are exactly like those 
which they undergo under the action of ferments. Starting from the same point, 
these two modes of transformation, apparently so different, resemble each other 
not only in their variety and marvellous flexibility of conduct, but still more in 
their intermediary and final products. 

Thus, invert sugar in alkaline solution, oxidized in sunlight, gives intermediary 
products which are colloidal and identical with humic acids, except that they are 
not nitrogenous. These black acids are afterwards consumed by light, exactly 
as we see in the bleaching of the black soil which the spade or the plow has 
turned up. 

The extreme terms of the transformation of this sugar or of its humic deriva- 
tives are as numerous and as varied in solar combustion as when produced by the 
action of ferments. Thus, by contact with potash, or with soda, we obtain alcohol 
through an interior combustion which is identical with that produced during alco- 
holic fermentation. On the other hand, in the presence of baryta, no alcohol, but 
 Jactic acid is produced. In this there is analogy, not with alcoholic fermentation, 
but with lactic fermentation, and this analogy is all the closer since 
nized—there may be several lactic acids of different rotary power, which may be 
produced as well by the action of light as by that of fermentation. 

This solar, lactic fermentation is accompanied by the production of acetic acid, 
as in the case of microbian fermentation. In other cases, butyric acid is formed, 
formic acid, oxalic acid—in short, all the ordinary residues of the ferment action. 
Finally, carbonic acid represents in all cases the extreme term of the change of 


as 18 recog- 





organic matter into gas. 
The luminous action, varying in quantity according to place and season, as the 


1 Annales de U Institut Agronomique, vol. x., 1886. 
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different chapters of this Memoir have shown, may therefore differ in the quality 
of the effects which it produces. All these facts lend to the study of chemical 
radiation, an importance of the highest rank, and I shall consider myself very 
happy, if the first results contained in this paper shall lead men of science to 
new researches, 


SUMMARY. 


1, The oxidation of oxalic acid in a weak solution takes place mainly, and 
almost exclusively, under the influence of the chemical rays of solar light ; it can, 
therefore, be used as an actinometric measure, 

2. It depends on the concentration of the liquid, which for the best results 
should not exceed about three grammes per litre. 

3. With an equal volume of solution, combustion decreases as depth Increases ; 
there is an absorption of chemical rays, although the liquid is and remains very 
transparent. 

4. For equal depths of liquid, combustion is proportional to the surface, and 
consequently also to the volume. 

5. It depends on the age of the solution, that is to say, of the time which 
has elapsed since preparation. As it grows older, an oxalic solution becomes more 
sensitive, and attains a certain maximum which is quite stable and quite regular. 
Tt is well to wait till this state of sensitiveness has been produced. 

6. The daily combustion, such as is measured with sterilized liquids, varies 
from one day to another much more than any other meteorological phenomenon, 
and while subject to the influence of what we call “fine weather,” and “ overcast 
weather,” it manifests very clearly other influences which are less visible. 

7. It shows also the influence of the seasons, and manifestly exhibits a maxi- 
mum in spring. 

8. It is but feebly subject to the influence of altitude. 

9. On the other hand, it betrays so strongly the presence of divers oxidizable 
essences or substances in the air, that we must consider local and daily variations 
as due to the presence in the atmosphere of actinic clouds, which are discoverable 
only by the reduction and absorption which they produce in the chemical radiations 
of sunlight. 

10. The atmosphere of extreme northern regions is less absorbent than that 
of our temperate zones, and, consequently, at the same hours of the day, actinic 
radiation is more powerful, at the level of the soil, in the north than at the centre 


of Europe. 
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11. Northern countries add to this cause of superiority, which they owe to 
the constitution of their atmosphere, another, which is due to their geographical 
position, namely: that the actinic effect of the sun increases more rapidly than the 
duration of its presence above the horizon. The very long days of the north, 
during the period of vegetation, are, therefore, in their actinic effect, more active 
than an equal number of days in our temperate regions, and we can thus explain 
the particularly intense rate of the progress which vegetation makes in the vicinity 
of the polar cirele, 

12. This increase of sensitiveness which oxalic acid experiences in the sun, 
does not cease when the light begins to fade, and may continue several days. 
Hence follows a conclusion which may also be applied to our temperate regions : 
this is, that the actinic effect of a number of fine days in succession increases more 
rapidly than its duration, and also, that the effect of a fine morning is not lost by a 
dark and cloudy evening. 

13. We must, therefore, give up the hope of finding, in the duration of a day 
or of solar action, a measure of its effects, and meteorological instruments, which 
accept such a proportionality, are to be rejected. 

14. The importance of these actinic phenomena in the general economy of 
the world is great enough to make it necessary that we should approach the 
investigation by appropriate means. 


SUPPLEMENT. 
OBSERVATIONS MADE IN 1894 IN FRANCE AND ALGIERS. 


Since sending my Memoir on Atmospheric Actinometry, I have been enabled 
by the courtesy of M. Gessard, Chief Pharmacist of the Military Hospital at Setif 
(Algeria), to make a number of combined observations in a temperate region and in 
a hot climate. It was interesting to discover whether we would meet here with 
the same differences as between the observations made in France and in Finland, 
that is to say, if for equal lengths of insolation the chemical activity of the solar 
rays would continue to diminish in proportion as we approach the equator, and 
as their calorific power increases. 

For such a comparison the choice of the stations was of some importance. 
Setif is situated about eleven hundred metres above the level of the sea, on a buttress 
of the southern slope of the high mountains of the sea-coast, the chain of the Babers 
or the Bibans. Towards the south it overlooks from a height of two or three hun- 
dred metres an immense plain, which in its turn is bordered at a distance of 35 or 40 
kilometres (22 to 25 miles) by a chain of not very high mountains, which cuts it 
off from another more extensive plain, the basin of the Hodna. Beyond this, sepa- 
rated again by an insignificant mountainous elevation, lies the Sahara and the desert 
climate, which makes its influence felt as far as the plain of Setif. This vast heat- 
ing-centre south of the city frequently procures for the latter, towards evening, a 
fresh current of air from the north, and in ordinary times it stands on the boundary 
line where two contrary influences enter into direct conflict, the wind blowing from 
the coast and the high summits, and the burning wind from the desert. Thus 
Setif enjoys a relative freshness on certain days when the plain at its feet is given 
up to the full ardor of the sirocco, and when it even may happen that the cloud of 
dust, propelled by this wind, stopping at a distance of 15 or 20 kilos, from the 
town, screens the neighboring mountains at the very time when the atmosphere 
remains quite clear about Setif and the immediate surroundings. 

The station which I have chosen in France for my comparative observations 
is also situated on the side of a slope, overlooking the plain of Vie-sur-Cére (Cantal), 
and 750 metres above the level of the sea. I might have gone higher, but I have . 

44 





ATMOSPHERIC ACTINOMETRY. 45 


already shown that the difference in altitude is of little importance. At all events 
it acted in the opposite sense to the phenomenon which I sought to verify. Asa 
compensation, the climate of this station at Olmet is a temperate climate. The 
place lies on the line where the culture of the vine ceases and is in every respect 
equal to that of Fau, in the valley of Marmanhae, and of Noalhae, in the valley of 
Aurillac, where I had made my first observations. 

Furthermore, the procedure of M. Gessard and myself was the same; we 
exposed, from 8 o’clock a.m. till 5 o’clock p.m., vessels containing the same solution, 
only, on account of the high temperature of Setif during the summer and of the evap- 
oration caused by it, we had to pour into the vessels 20 cubic centimetres of oxalic 
acid, instead of 10, and place them, not upon wooden or stone supports, but upon 
the water of a great crystallizing pan. I need not say that at Olmet I followed 
the same practice. It is well known that the degree of solar combustion depends 
on the depth of the liquid, and this is the reason why the present series of experi- 
ments is not directly comparable with the preceding series. But it is sufficient for 
us that the experiments made in France and in Algeria should be comparable 
between themselves. 

This being granted, I subjoin the results obtained by M. Gessard : 





Date. Pe Remarks, 
uly. 20) 12 
“ 14 
. 3 12 | Clouds. ; 
ne 5 13 | Stormy weather. Sky covered at 3 o'clock. 
ie O-4| 16 Fewer clouds than on preceding days. 
i a 17 Clear weather. No dust. 
mS 62' Cloudy at times. (See note below.) 
Bem KO | 18 | Tempest. Dust. Sun obscured after noon. 
een it || 40 | Cloudy weather. 
Las), | 32 Fine weather. 
aaah TES 22 | Overcast weather; a few drops of rain. 
ee Go 25 | Clouds, storms, dust repeatedly. 
ye er 22 | Fine weather. Hail-storm at 7 P.M. 
oeRrS | 22 | The Southern mountain cannot be seen at 5 P.M. 
Oh | 24 | No clouds. Very clear horizon. 
bos 20). 7| 22 | Overcast from 2 to 4.30 P.M. Dust. 
“ 21 | | 


23 | Overcast after noon. Downpour at 3 P.M. 





In the following experiments, made in August and September, M. Gessard 


ascertained the direction of the wind and the temperature, as read on a thermometer 


' One of the vessels was found to be submerged on this day, so that the result could not be 
correctly ascertained. ‘The weather on this day did not essentially differ from that of the preced- 
ing and of the following days. 


a Orage (40 
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hanging in a northern exposure, against the wall of a house with lofty arcades, and 
consequently under a gallery formed by them. In the statements concerning the 
winds, the frequent violent changes of which we spoke at the beginning will be 
































noticed. 
Temperature. Winds (by the vane) at 
Date. Solar Remarks. y art ee 
Combustion. | 
Max. | Min. | Aver.) 8.30, 11 3 5 
August 18 6¢% Clouds at noon. Overcast | 
sky at 4. Rain at 4.30. (34. [15.2 |31.5 |W |W |N  |SW 
19 3% Quiteafineday. g. g. clouds) | 
| at 2 o'clock. (30:2 |r4. |27.50 1° S INNE |NNE 
20 3% Sun rather overcast in the| | 
morning. Rain after 2 
o'clock. 27AQ L225 (255 SE | N NE 
; 21 3% Sun all day long and sky 
clear. 28.6 1158 |255 |W |W |NW | N 
aS 22 84% The same. 31-1 |17.5 |285 |W | W IN NE 
i: 23 8 & ee 32.6 |18.6 |30. SW Ww is SW 
e 24 | 11% — 133-2 |17.2 |31.5 | SW | SWS SW 
a 25 | 64% alle 132-4 |17; |19. | SW) W IS SW 
ms 26 | 8 @ Clouds in the afternoon. 132.6 |17.8 |29.5 | SW | SW |S SW 
af 27 9% Clouds afternoon. Sun) 
| shines at 3 P.M. 31.8 |16.2 |29.5 |W |W |NE |NE 
. 28 | 8@ |Sun all day long. 131.3 |16.3 |28.5 | W | SW |INNW|NNE 
= 29 | 7% |\Same. 13-1 |16.3 |29. SW} SW ISW |NE 
S 30. | 1% | es 31.6 |18.6 |30. | SW|SWISW |NE 
31 | Feel Nl vse 32.2 |19.0 |29.5 | SE | SE |SE_ |SSE 
September 8 9 % \Overcast. Much dust. 25.4 |17. |29.5 | Ex |S {SSE |S 
Be 19 10 @ Sun all day long. 29. |15.6 |29.5 | SE |S. {SSE |S 
‘- 22 11% |A few clouds all day long. 29. (14.8 27. Ww | NW|W N 
es 23 11% ea all day. 29.4 |17.7 26. W | NW/w NW 
24 11% (Sun rather obscured, after- | 
| noon. Dust. 30.9 |17.1 28. sw} SW isSW_ |SW 
Os 25)" 34g 





jOvercast sun all day, Dust. 30.8 mye (28: S SW |SW {|S 
| 


| 


When M. Gessard sent me the reports for August and September, he added 
what follows: “They seem to me to confirm the former. The combustions have 
not been more intense than in July. I notice, on the other hand, that during over- 
cast weather they have not been inferior to those observed on days of full sunshine. 
The second fact which strikes me is this: that the quality of combustion should 
be maintained with such constancy in the two vessels under all circumstances. 
Thus, on the 11th September (I did not report it in the table), with a south wind 
blowing all day, raising the maximum temperature to 32° 4’, the contents of both 
vessels having evaporated, although they had been allowed to float upon the water, 
I had the curiosity to re-dissolve the residual acid and to test it: I found 8.4 ¢ ¢. 
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and 8.6 ¢. ¢., which corresponds to combustions of 36 per cent and 35 per cent, 
respectively. 

It will be seen from all that has been said so far, that the daily actinometric 
combustions are quite as irregular in Algeria as in France, and have only a very 
remote connection with the external aspect of the sky and the clearness of the 
horizon. I have not been so fortunate as M. Gessard so far as the weather was 
concerned. The greater part of the month of August in the Cantal and a part 
of the month of September we had cloudy or rainy periods, and during this time 
observations were impossible. Availing myself of the fact that the method 
comparison which we employed consists of a comparison of the finest days at the 
two stations, I shall here report only the figures noted down at Olmet during the 


rare times of fine weather. 





Date. | oie | Remarks. 





| Combustion. 
August 27 | 29 % Fine day from beginning to end. 
i 28 42 % Fine weather, but rather heavy and stormy. 
ss 29 | 4I % A fine day, although rather foggy. 
ms 30 | 35 % A fine day, rather stormy. Some clouds. 
s 31 | 41 % A fine day. Some mist towards 4 o'clock in the west. 
September 2 27 f | oun in the morning ; rather foggy in the evening. 
7 4o 4 Quite a fine day in iSpite of g. g. clouds. N. E. wind. 
S 18 34 % | Cumulus covering } of sky, all day long. 
= 19 52 P | Less cumulus than the day before. Finer day. 
a 20 60 % A very fine day. 
i 21 52% Rather stormy day. 
a 27 28 % A fine day ; few clouds. 
Bi 29 23 % | An indifferent day. 





Comparing this list with M. Gessard’s we notice in the first place a coincidence 
between the days of August 27th, 28th, 29th, 30th, and 31st, which were either 
fine or very fine at Olmet and at Setif. Now if we compare the results of the 


daily combustion from 8 a.m. till 5 p.m. we find, respectively : 


Oy 8.57... a, and. 7 forsetit; 
and 29, 42, 41, 35, and 31 for Olmet. 


If we in like manner compare, leaving out the dates, the combustion on the 
finest days in France and in Algeria, we find again that it decreases with the lati- 
tude. This is the same conclusion to which we were led, when we compared the 
observations made in France and in Norway, and between the limits of the two 
stations at Helsingfors (lat. 60° 19’), and at Setif (Jat. 36°11’). This shows that the 
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actinic effect of twilight during equal times of insolation goes on diminishing in 
proportion as we approach the equator and as the mean temperature rises. 

It would be interesting to ascertain whether this law continues into the 
tropical regions. This is probable, but as yet is only a matter of conjecture. I have 
taken the proper steps to begin observations on this subject early next spring. 

Whatever this extension may lead to, it is none the less unexpected to find 
that in our temperate regions, the most densely populated of the globe, the actinic 
effect of the sun is, so to speak, in the opposite direction to its calorific influence. 
The operation of this law on the flora cannot be doubted. But the future alone 
can tell us how this is brought about. 
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ADVERTISEMENT. 


The present memoir is the result of a series of investigations by 
Doctors O. Lummer and E. Pringsheim, of Charlottenburg, Germany, 
aided by a grant from the Hodgkins Fund of the Smithsonian In- 
stitution, 

After a period of notable advance the kinetic theory of gases 
seems to have fallen into temporary abeyance, possibly from a funda- 
mentally imperfect understanding of their behavior. 

Progress in knowledge of this fundamental nature of gases may 
reasonably be looked for from interpretative researches on their ther- 
mal capacity, and the following paper may be regarded as a step in 
this direction. 

Aside from its exceptional importance in thermodynamics, the 
specific heat ratio is of interest as affording a clue to the character 
of the molecule; and Messrs. Lummer and Pringsheim, using a new 
method, appear for the first time to have reached coincident results on 
the incoercible gases examined. 

In accordance with the rule adopted by the Institution, the work 
has been referred for examination to a Committee consisting of Pro- 
fessor Doctor Friedr. Kohlrausch, President of the Physikalisch-Tech- 
nische Reichsanstalt of Berlin, Doctor Carl Barus of Brown University, 
Providence, R. I., and Professor F. W. Clarke of Washington City ; 
and, having been recommended for publication, the original memoir, 
submitted to the Institution in German by Doctors Lummer and Pring- 
sheim, is herewith presented, translated into English by Doctor Barus, 
in the series of Contributions to Knowledge. 

S. P. LANGLEY, 
SECRETARY. 
Smithsonian Institution, 
Washington, June, 1898. 
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A DETERMINATION OF THE Ratio (x) OF THE SPECIFIC HEATS Al 
CONSTANT PRESSURE AND AT CONSTANT VOLUME FOR AIR, 


OXYGEN, CARBON-DIOXIDE, AND HYDROGEN. 


By O. Lumar ann E. Prinesueim. 


InrRopucrory. 


The experiments detailed in the following pages are based on a method of 
research,’ which in all its essential features we had carried through for air as far 
back as the year 1887. The data obtained in this original test were mutually ac- 
cordant to within as little as 4%, but their absolute value was decidedly too small, 
throughout. 

The researches, however, were quite sufficient to convince us that the bolo- 
metric method of temperature measurement is well adapted for the direct de- 
termination of such increments of temperature as are met with in the adiabatic 
expansion of gases; but that the method, nevertheless, can be expected to lead to 
trustworthy results only when an extreme of sensitiveness and efficiency has been 
imparted to the bolometric thermometer. This must therefore be practically 
instantaneous in its registry (¢. ¢, free from inertia), and the effect of heat con- 
ducted either way through the terminals must be eliminated. It is to the latter 
source of error that we chiefly attribute the discrepancy in our earlier results. 

In the meantime bolometric resistances * meeting every requirement had been 
successfully constructed. Thus it seemed reasonable to assume that in a repetition 
of the above experiments with the new bolometric material now available, the error 
due to terminal heat conduction might be reduced in any desirable degree. We 
were therefore fortunate in being able to repeat our work at the Physikalisch- 
Technische Reichsanstalt in consequence of a grant from the Hodgkins fund which 

‘ Verhandl. d. Physthk. Ges. zu Berlin, 1887, pp. 136-1409. 


?O. Lummer and F. Kurlbaum: [W7ed. Ann., vol. xlvi., pp. 204-224, 1892 ; Zettschr. f. [nstru- 
mentenkunde, vol. xil., pp. 81-89, 1892. 
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was courteously placed at our disposal by the Smithsonian Institution in Washing- 
ton. It gives us much pleasure again to tender to the Institution our grateful 
acknowledgments for the favors received. 

The results of the present investigation were communicated by permission to 
the British Association at the Oxford meeting.’ We purposely withheld the publi- 
cation of the body of our work, however, inasmuch as we hoped to carry the 
experiments forward into regions of much higher temperature and to include these 
results, the preliminary preparations for which had long been completed, in a single 
memoir. In view of the technical difficulties encountered in the further develop- 
ment of our work, this plan was abandoned. It will take some time before the 
necessary experience for the construction of high-temperature baths of sufficient 
constancy is at hand. 


1—Tue Meron iw Prrxerre. 

The method used for the measurement of the specific-heat ratio of gases 
depends, in the present as in preceding investigations in the same direction, on the 
law of adiabatic expansion of the gas under treatment. For the case of a perfect 
gas expanding adiabatically from an initial pressure p, to a final pressure p., the 
‘atio of absolute temperatures, 7} and 73, corresponding to p, and py, may be writ. 
ten (7,> Z) 


r H-1 
1 = pi ue wre [hf pe sae - . * 
T, () 5 se ; a eee (1) 
where « = is the ratio of the specific heats at constant pressure and at constant 
cy 


volume, From equation (1) x» is found as 


log + 
x= ee ek eee The eae ts pene tere (2) 
log Bie log f 
fe Ts 


Hence « may be computed if a perfect gas is permitted to expand adiabatically in 
such a way that p,, 2, 7;, and 7) are all measurable. ~For the case of a gas com- 
pressed at the temperature 7} as far as the pressure p,, suddenly expanding to 
atmospheric pressure p,, the three quantities p,, ~., 7; are found with relative 
ease. The chief difficulty lies in finding the temperature 7), or the final tempera- 
ture of the gas which has been cooled by sudden expansion from p, to p.: for the 
change of temperature from 7; to 7; must invariably occur in a very short time if 
the change of pressure is to be rapid enough to be compatible with the conditions 


of adiabatic expansion. On the other hand the cooled gas will not remain at the 


‘Report, British Association, Oxford, 1894. 
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temperature 7; longer than an excessively brief interval, seeing that heat is con- 
tinually poured into it from without. 


Il.—Tne Mernop w Practice. 
@. PLAN OF THE EXPERIMENTS. 
ryy - . o] . 0 
lo hold the charge of gas we made use of a large receiver of spun copper 
nearly spherical in form and about 90 litres’ capacity, 


| | 
| 





M 
































FIGURE I. 


This receiver 2 (fig. 1) contains three tubulated) openings, one of which, 
shown laterally at O,, may be closed with a stopeock /. This communicates in the 
manner seen in the figure with the manometers J/ and m, the drying apparatus 7} 
and the compression pump C) by which the gas can be condensed in any necessary 
amount. If commercial oxygen, hydrogen, or carbon-dioxide is used, the gas may 
be tapped directly out of the high-pressure cylinders, through the drying train 7 
into the receiver. The cock / is closed whenever the charge of gas is allowed 
to expand into the atmosphere. 

The second lateral tubulure, O,, is adapted to receive the bolometer strip s, 
which represents one branch (7) of the Wheatstone bridge HW. The other branches 
(2, 3, 4) consist of suitably chosen resistance standards. For reasons relating to the 
heat-conduction discrepancy, the form given to the strip of the bolometer is as shown 
in fig. 2. The strip is cut from a piece of platinum-silver foil, im which the 

a 
FIGURE 2. 
layer of silver is about ten times as thick as the coextensive platinum layer. In 


our definitive experiments the thickness of platinum foil used did not exceed 


+ 
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.00006 em. With the aid of a suitable steel ruler and a thin sharp knife, we were 
able to cut a strip from the foil which between the rapidly narrowing end flaps @ 
and 4 was but .02 em. in breadth throughout a length of about 10 em, After the 
end flaps (each about 4 em. long and .5 em. broad) had at their extreme edges been 
soldered to thick copper terminals, the middle of the strip was dipped in concen- 
trated nitric acid to remove the silver from the platinum film to be used. 

The resistance of the platinum bolometer strip etched off for a length of 7 
em. was about 80 ohms, while the resistance of the parts not freed from silver was 
computed as about .4 ohm, only .03 ohm of which makes up the total resistance of 
the flaps. 

The third opening of the receiver is shown at O; and used as an avenue of 
efflux. Its diameter in the clear was 8 cm., and it was closed with a perforated 
rubber stopper, through which a wide glass stopcock // was inserted. Either by 
suddenly remoying the rubber stopper, or in like manner wholly or partially open- 
ing the stopeock //, we had it in our power to vary the interval of expansion 
within a wide range. 

A large zine-lined wooden tank A, filled with water and surrounding the 
receiver served the purposes of a water bath. To compensate for the buoyancy 
of the receiver, sufficient counter pressure was applied through the perforated 
wooden yoke 4, which on being forced down by the screw a held the receiver 
firmly down upon the annular tripod U7. Two stirring appliances 2 were fitted 
to the diagonally opposite corners of the water bath. These consisted of zine 
cylinders, open at both ends and containing an axial propeller-like rotating screw. 
Actuated by a small electromotor these screws were efficient in producing a flow of 
water in the zine cylinders either from below upwards or in the reverse direction at 
pleasure. If the propelling screws within the cylinders rotate in contrary directions, 
a circulation of water in the bath will ensue from the surface downward near one 
of the stirrers, thence along the bottom to the opposite stirrer, which carrying the 
water aloft stimulates the return circulation along the surface. Small floating 
hodies like strips of paper gave evidence of the rate at which the current was 
moving. 

b. MEASUREMENT OF TEMPERATURE. 

To register the temperature of the water bath we used a calibrated thermometer 
graduated in tenth degrees, This was read off by a microscope of low power, 
provided with an ocular micrometer. Continually observing this thermometer, 
and adding small quantities either of cold or hot water according as the thermometer 
showed a leaning toward higher or lower temperatures, we succeeded in keeping 


the temperature of the water constant to about a hundredth of a degree, 
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frequently throughout a whole hour, Aside from this manipulation, the experi- 
ments were favorably circumstanced inasmuch as they were made in the subterranean 
chambers of the Reichsanstalt. On bringing the temperature into coincidence with 
that of the room, the observed changes would not 
exceed the mere fraction of a degree for hours. 
Accurate measurement of temperature is of 
extreme importance in its bearing on the present 
experiments, since an error of but .02° C. in the 
datum for Z}in the case of the pressure values 
actually employed, will affect the result by about 
1%. To facilitate the reading of the .01° C. re- 


quired, all temperatures were so chosen as to make 





the mercury meniscus of the thermometer coincide 


very nearly with one of the division marks of the 








thermometer. After long practice we also learned 
to keep the temperature constant to .01° C. (by 
adding ice or hot water as occasion required and 


continued observation of the thermometer), even 








when the temperature of experiment lay consid- 








erably below that of the room. ‘To be sure that 
































the temperature was quite the same at all parts 






































of the water bath, we made a special test in which, 
while the stirring deyice was in action, a sensitive 


thermometer was carried from place to place within 









































the bath. Simultaneously, of course, temperature 
was kept constant in the lapse of time, at the 
single place of observation, by the means above 


set forth. The thermometer probe used in this 



































test was a branch of one of Lummer and Kurl- 


























baum’s surface bolometers, carefully jacketed by 
a tight metallic case and appropriately msulated. 


The change of internal resistance experienced by 





this instrument gave us the necessary data for 


FIGURE 4. 


changes of temperature encountered during the 

excursions from place to place within the bath. These values, given on pages 18, 24, 
below, showed the variations of temperatures at any one place in the lapse of time, to 
exceed the differences of temperature for different positions within the bath at any 


civen time, the bath being kept in action in the manner stated. We infer that 
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the temperature throughout the whole bath must have been constant to at 
least .O1° C. 


Cc. MEASUREMENT OF PRESSURE. 


In like manner the determination of the initial and final pressure of the 
experiment was pushed forward to a degree of nicety such as would not affect the 
x values by more than 1% The final pressures were given by the barometer. 
We availed ourselyes of Sprung’s barograph as construeted by R. Fuess. The 
registry of this instrument is certainly correct to fractions of a millimetre, and an 
error of as muchas .2 em.in the value of the final pressure would have influenced the 
result by only 1% To be quite sure as to the identity of the final pressures with 
the atmospheric pressures for any given experiment, the efflux tubulure was kept 
open to the very end of the measurement, 7. ¢., until after the measurement of the 
temperature Z) of the cooled gas. 

The initial pressures or pressure excesses were registered both by a sulphuric 
acid manometer and by a mercury manometer of the construction shown in figures 
3and4. The columns m (fig. 1) of the manometer were 4.5 em, in internal diame- 
ter. The pressure tube of the mercury manometer J/ (fig. 1) was 1 em. in diameter, 
with a reservoir g about 6 em. in diameter. This instrument was chiefly used to 
measure pressure excesses during the course of the experiment, while the mercury 
manometer enabled us to reduce these pressures to their normal value in terms of 
the barometer. A simple microscope of low power, attached to a suitable slide 
on the sulphuric-acid manometer stand, enabled us to read off the position of the 
meniscus in terms of the attached scale. To obviate errors due to parallax, an in- 
candescent mercury lamp was attached to the microscope carriage and moved with 
it. The scale being attached immediately behind the manometer tube, appeared en- 
larged when viewed through the part of the tube filled with acid. In this way the 
position of this meniscus could be read off at this manometer to about .02 em., 
corresponding to about .0025 em. of mercury. For decreasing pressures it was 
advisable to wait after each change of measurement, until the film of acid adhering 
to the sides of the tube had reéntered the body of the liquid. 

The open end of the sulphuric-acid manometer did not directly communicate 
with the air, but opened into it through a U-tube, w (fig. 1), containing calcic 
chloride and a capillary terminal p. In this way difficulties due to absorption of 
atmospheric moisture by the acid were avoided. 

The mercury manometer naturally required much more precise reading than 
the other. Inasmuch as an error of .3 % in the determination of the pressure excess 


is equivalent to an error of 1% in the result, it clearly follows that within this 
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range of accuracy, pressure excesses of 3.3 cm., 6.6 em., ete., must be read off 
within .01 cm., .02 cm., ete., respectively, along the mercury column observed. 

To reduce the registry of the sulphuric-acid manometer to that of the mercury 
manometer we brought to bear on both the same pressure which had been observed 
during the course of a complete experiment ; and for some time after its termination 
this pressure was maintained at the given value. Not until all pressure variations had 
fully subsided and permanent constancy of level was assured, did we proceed to the 
measurement of the equivalent mercury column. The telescope of the cathetometer 
was then alternately directed to the two meniscuses of the mercury manometer. 
In view of the large diameters of the tubes used, the middle parts of the terminal 
mercury surfaces were appreciably plane. Sharp lines of demarcation being desir- 
able in the field of the cathetometer (preferably separating a dark shadow from a 
bright background), it was found expedient to illuminate the tubes of the manometer 
from behind. An incandescent lamp shining through a film of translucent tissue 
paper was therefore placed at such a level, that no light was reflected from either 
mercury meniscus into the cathetometer. Lamp and screen were movable up or 
down, so that the best illumination corresponding to any height of meniscus was 
attained. It is advisable to place the upper edge of the screen but very little 
above the mercury meniscus. At the same time the unavoidable specks of dust 
which float on the mercury surface are of much value in sighting, Our measure- 
ment of differences of level was correct to .01 cm. For an initial pressure of 3.3 em. 
therefore, the value of »% obtained would not from this cause be discrepant by 
more than 1% A mercury thermometer suspended in the open tube of the 
mercury manometer showed its temperature. The excellent cathetometer used in 
these measurements was placed at our disposal by Mr. G. Hansemann, a courtesy for 


which we take pleasure in expressing our indebtedness. 


d. MEASUREMENT OF THE FINAL TEMPERATURE, ee 


Two distinct measurements are necessary to complete the determination of 7). 
The decrement of resistance experienced by the bolometer strip while the pressure 
of the expanding vas falls from p, to p, is first to be found. Thereafter this elec- 


tric datum is to be expressed in its equivalent of temperature. 
1. Measurement of the initial pressure p,, corresponding to the resistance tnere- 
MENt Wy, We. 


Suppose the initial conditions to be fully established, and let the bolometer 


strip be at the temperature Z| of the gas, compressed as far as pressure p,. Let 
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the resistance of the strip be w,. Suitably selecting the correlative resistances 2, 
3, 4 of the Wheatstone bridge (fig. 1), the sliding contact may be so moved that 
the galvanometer is without current, indicating the usual balance of resistances. 
To be in correspondence with the approximate resistance (80 ohms) of the 
bolometer strip, the branch 2 consisted of a set of standards Z (given in full in 
fig. 5), the resistance of which could be made very nearly equal to that of the 
strip. The branches 3 and 4 contained coils suitably wound of standard wire, 
having about 75 ohms apiece. One end of each of these was connected with the 
bridge wire ¢. 

The storage cell A, short-circuited through a resistance box, furnished the cur- 
rent. From two points of the box measuring currents of suitable magnitude could 
thence be tapped into the bridge. Care was taken to keep down the intensity of 
these currents, in order that appreciable heating of the bolometer strip would not 
have to be feared. Thus the galvanometer G when in adjustment showed no de- 
flection, either on closing or on opening the circuit at the key n. 

When the electrical or thermal condition has thus become stationary and the 
stopcock O; of the receiver is then suddenly opened, the gas will precipitately 
expand, cooling off both itself and the bolometer, and the galvanometer now shows 
a definite deflection. It is our problem to find the temperature 7) of the strip at the 
instant when the éemperature depression of the gas is a maximum, by availing our- 
selves of the electrical registry w,. Let us assume in the first place that the tem- 
perature of the strip and that of the surrounding gas are at all times identical. 
Instead of considering the initial pressure p, given, to find the resistance decre- 
ment 7,1, corresponding to the pressure decrement p,—p., let us preferably adopt 
an inverse method in the following way : Start with a given resistance decrement 
Ww»; then by trial and error continually change the initial pressure p, until the 
resistance w, of the bolometer strip exactly corresponds to the maximum tempera- 
ture depression of the gas. No doubt this is a somewhat cumbersome method, but 
it has the advantage that the galvanometer is used with the needle in the zero po- 
sition only. It is at least practicable in the definite and final measurements, after 
the approximate values of the correlated quantities p,-p, and 1,70, are already 
known. 

The approximate values referred to can be found either by computing back- 
wards from known values of x», or by the following direct procedure. At the gas 
pressure p, and temperature 7} let the bridge be adjusted. Then let the resistance 
of the standards Z be reduced from JW to any suitable value W,. The bridge is 
thereby thrown out of adjustment and the galvanometer needle will show a deflec- 


tion. For convenience in designation let the direction of this deflection be called 





I, 
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positive or negative according as the resistance in Z is larger or smaller than the 
equilibrium value. When the deflection due to the changed resistance in Z has 
become permanent, let the receiver be opened and note the effect of expansion 
on the galvanometer needle. Then according as the arbitrary change of resist- 
ance at Z is too large or too small, the needle will move beyond its normal posi- 
tion of equilibrium, or it will stop and return before reaching it from the new 
position of equilibrium, Owing to the inertia of the needle such results are not very 
accurate, and they are in large measure dependent on the rate of efflux of the 
gas. A rather insensitive galvanometer (or one made so by proper shunting) is 
necessary in these trials because of the relatively great resistance decrements 
encountered. 

If it be granted that the temperature of the gas is always identical with that 
of the bolometer strip, and that furthermore the maximum of cooling coincides in 
date with the maximum elongation of the needle, then in addition to furnishing 
approximate values for w,—w, and prpe, the experiments throw hight also on the 
time consumed by the gas in passing to its lowest temperature. 

Guided by this introductory work we were able to avail ourselves of the fol- 
lowing much more accurate method without unduly sacrificing time. Let the 
pressure p, (known approximately from the preceding experiments) be established, 
and let the bridge be adjusted for the temperature 7;. The approximate value 
WW, corresponding to p,; being given, let the current be broken and the resistance 
of the standards Z be lowered from W, to W,, without change in the position of 
the sliding contact c. While the bridge is thus thrown out of adjustment and the 
current broken, the gas is allowed to expand, but the current’ is to be made by 
closing the key 7 of the bridge only after the bolometer has reached its mini- 
mum resistance. 

After some practice it was always possible to so change the initial pressure by 
small amounts and so vary the estimated period of expansion, that the needle of 
the galvanometer remained quite at rest * for some time after making the current. 

When the correct pressure p; has been found, this value may easily be checked, 
since for initial pressures either slightly less or slightly greater than the true value 
the galvanometer will show positive or negative deflections, respectively ; and thus 


the datum p, can be enclosed between very narrow limits. 


‘It was found preferable to close the current in the battery circuit, not in the galyanometer cir- 
cuit, in order to obviate errors arising from the presence of thermoelectric currents in the bridge. 
No temporary thermocurrents arise during the efflux of the gas,as we proved by special efflux 
experiments made for a circuit open at 7. The galvanometer needle remained quite at rest. 

2 We owe this method (“ Einspringmethode ”) to Dr. Kurlbaum, who took part with us in the 
original experiments in 1885. 
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The galvanometer used in these experiments must obviously be provided with 
a needle which will follow the changes of current in the bridge as quickly as pos- 
sible. Hence we specially constructed a small galvanometer on the model of Lord 
Kelvin’s instruments. The mirror was suspended from a quartz fibre 5 cm. in length, 
and carried on its rear face a sufficient number of small lamellar magnets. Deflec- 
tions were read off with scale and telescope placed at a distance of about 200 em. 
from the galvanometer. 

To guard against the effect of external magnetic disturbances on the galvan- 
ometer, we enclosed it in a double envelope of soft iron. The walls of this cham- 
ber were 2-5 cm. in total thickness of solid iron, and were perforated by only 
a small opening suitable for observing the mirror. Two astasizing magnets were 
specially provided, one of them placed above the galvanometer on a plate with 
leveling screws, the other lying on the galvanometer bracket. The latter was addition- 
ally useful as a directing magnet. The period of the needle in the final experi- 
ments was about 4 seconds, so that a single throw was completed in 2 seconds. 

We estimated the period of expansion (“ Einspringzeit ”), 7. ¢, the time which 
is to elapse between opening the receiver and closing the galvanometer - circuit, 
by the beats of a metronome, and, after some practice, found it fully vouched 
for to a fraction of a second. This interval is dependent on the size of the 
efflux pipe. 


2. Leduction of the resistance increment, W.-W, to degrees of temperature. 


Having found the resistance w, corresponding to the instant of maximum 
temperature depression, we next proceeded with the measurement of 7/—7), the 
temperature equivalent of w,-w,. For this purpose, the Wheatstone bridge was first 
put into balance for the temperature 7, of the bolometer strip, without, however, 
compressing the gas. Tests were applied to ascertain whether or not the strip 
resistance was still 77, as required. Thereafter the resistance at the standards, Z, 
was changed to W,, and a corresponding depression produced, from without, in the 
temperature of the water bath (and therefore also of the strip), until the bridge 
again gave evidence of a balance by reason of absence of current in the galvanome- 
ter. This condition was maintained for some time, throughout the whole of which 
the needle showed no deflection on closing the bridge circuit. The temperature 
of the bath was now read off and considered identical with the temperature Z; 
sought. The datum was corroborated by returning again to the initial tempera- 
ture 7) and noting whether 7, had simultaneously regained its original value. 

The advantages which we claim for the present method of reducing w,—7, to 
7,-7, are not far to seek: In the first place the experiments take but little time, 
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while in the second almost all the corrections which are usually to be applied 
In resistance measurement are here insignificant, even when temperature increments 
of .01° C. are in question. For neither w, nor w, nor their differences need be 
known in absolute value. The position of the sliding bridge contact, c, alone 
requires careful attention. This, together with the resistance standards Z in branch 
2 of the bridge, including the necessary terminal and connecting wires, must be the 
same and similarly circumstanced during temperature measurements, as during the 
actual measurements relative to changes of gas pressure, 

Our resistance standards were made of manganine wire. Thick copper termi- 
nals and yokes, dipping into large mercury troughs, enabled us to connect the 
individual units of Z at pleasure. All the connection pieces were stout and of 
copper wire. Hence changes of temperature in the laboratory were quite without 


influence on the resistance measurement. 
Il1.—Sysrematic Errors. 


Before proceeding to a report of the experimental data, we will endeavor to 
form some estimate as to the effect of systematic errors on the results. ‘The chief 
assumption in the present and all preceding and similar methods is fundamental : 
Even supposing the intrinsic equation for the perfect gas to be fully applicable to 
the actual phenomena, what assurance have we that the expansion obtained 1s truly 
adiabatic? Rigorously considered, none; for heat will certainly gain access into 
the interior of the gas. This heat enters partly by conduction or convection, partly 
by radiation, and its influence on the results will be such as to make the values 
found for % smaller than the true values. The influx of heat due to conduction 
comes partly from the walls of the receiver, partly by direct metallic conduction 
from the terminals and flaps of the bolometer strip. The former source of 
discrepancy occurs uniformly im all experiments in which measurements are made 


relative to an expanding gas. It is just in this respect that the present procedure 


for % measurement has distinct advantages over all earlier methods; for these 
determined 7} indirectly, by the aid of a special pressure measurement; and 
therefore the total heat conducted inwards from the walls of the receiver must 
have entered the results as an error. In our experiments, however, the bolometer 
strip is suspended in the centre of a large sphere and that part only of this heat 
ean be effective which moves as far as the bolometer through the concentric layers 
of gas. In virtue of the low order of heat conduction in gases, the time in which 
heat can reach the centre is so long an interval, in spite of convection, that appreci- 
able rise of temperature at the bolometer cannot occur until the expansion is 


complete and T, fully measured. The superiority of the present method of attack 
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~~ 


is evidenced, for instance, by results which show all resistance changes in the 
bolometer to be independent of the time of efflux, within time limits as broad as 2 
to 8 seconds, in the case of air. True, in the best of the earlier experiments, the 
heat influx from conduction from the walls of the vessel is of serious moment only 
for the better conducting gases, since the receivers used were all of large capacity. 
Réntgen, however, openly acknowledges that the value of « for hydrogen found in 
his experiments must be considerably below its real value. We therefore refer to 
it as conclusive evidence in favor of our method, that, at variance with the results 
of all earlier investigators, our method actually gives us a larger value for 
hydrogen than for air. 

Neither can the heat which enters by metallic conduction along the electrical 
terminals of the bolometer adjustment have produced any serious rise of tempera- 
ture—certainly not in that part of the gas immediately around the strip. The thin 
film of pure platinum by which the measurements are virtually made, is free from 
silver and quite distant from the walls of the receiver. It is, moreover, placed below 
the levels of the terminals, so that true conduction heat only and not convection 
heat can reach it. For this reason the bolometer temperature remains constant even 
for several seconds after the completed expansion of air, 

Regarding the heat imparted by the bolometer to the gas, the following infer- 
ences may be drawn. We have intimated that the measuring current was always 
reduced to so small a value as not appreciably to change the temperature of the bo- 
lometer strip. Hence we may abstract from the Joule heat set free within the 
film altogether. Similarly the heat which the bolometer strip gives up to the ex- 
panding gas is negligibly small; the thermal capacity of the strip, in view of the 
dimensions stated, is only about .000 007 gram calories. This is about equivalent 
to the thermal capacity of ~, cm® of air. Similarly the heat removed from the 
silver-covered parts of the bolometer is without moment, for these cool very rapidly. 

Thus it happens that at least those regions of the gas which immediately sur- 
round the etched part of the platinum strip may be regarded as screened from all 
heat conduction. They therefore expand quite adiabatically. 

We have now to consider the question in what degree the temperature 7, of 
the gas after expansion, coincides with the actually measured minimum tempera- 
ture of the bolometer strip. Since the temperature of the bolometer is constant for 
several seconds during the observation of 7%), it follows that the bolometer tempera- 
ture can only differ from that of the gas if there is a permanent flow of heat into 
the strip. In such a case a stationary distribution of temperature is conceivable, in 
which the bolometer would impart heat to the gas at the same rate in which it 
receives it. We can but acknowledge that there must be accession of heat in the 
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bolometer from the following three sources: (1) as the result of electrie current in 
the strip (this, as we have already seen, being negligible) ; (2) as due to conduction 
through the terminals; (8) as due to direct radiation impinging upon the strip from 
the walls of the receiver, 


To treat the second case first: the heat received by the strip from the thick 
terminals may be approximately computed,—at least with reference to the error 
resulting. We will assume for this purpose that the terminals retain their initial tem- 


perature during the whole interval of expansion. Let the bolometer strip be a thin 


straight conductor, one end of which is kept permanently at the temperature So of 


the terminals, while the surrounding air is at the temperature $,. Let @ be the dis- 


tance of any point of the strip from the terminal end at temperature So, and let 3 be 


the temperature at this point at the time 4 Uence by Fourier’s equation of the 


temperature distribution in an infinitely long rod subject to radiation 


ons SOs ev 
Se te nD Se SP a Neto sy cheietetth steeeietst at sy.<:(a 0 12 ( 
Ow O) x a (3 ) 3) 


wherein 


oo fe and fi2 = ae ; 
Hh cHgG 
and & denotes the coefficient of internal heat conduction. 
h, the coefficient of external heat conduction. 
c, the specific heat of the strip. 
4, its density. 
g, the area of a right section. 
uw, the circumference of a right section. 


But the thickness, d, of the strip is negligibly small as compared with its 
breadth: therefore 


At the close of the expansion the thermal distribution is stationary along the wire 


fs oO 8 . 7 
as observation has shown. Hence “~ = 0, and equation (8) becomes 


) 
¢ 


o2 S$ 
Ge cee eet ea Se \ ae Lee ee Bees (4) 
COxe 
If for « = 0, the temperature of the strip, we put $ = J, and tor + = co, we 


put $= 8,, the integral of equation (4) is 


foe Ch 


where — a 
a \ k 


&[ S| 


The following values may be assumed for the middle or etched part of the 


platinum strip : 
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Lic 10; por 
hi==71,003'7 d = .0006, 
f= 103) 


all quantities being here given in terms of milligrammes, millimetres, and seconds. 
Thus //a is very nearly 1 and we obtain 


Se 516 (s, = See aia oe eee eens (6) 


Hence when the gas cools down as far as 95 — 9, = 15° Ge we find for 
+= 0.1 cm. SS 6G 
ti ==— es cm: a, 
If, therefore, the very thin silver-free platinum film were soldered directly to the stout 
copper terminals, a fall of temperature would be manifest at the ends of the plat- 
inum strip, the influence of which would be far from negligible in its bearing on 
In view of the interposition of the gradually narrowing or arrow-shaped flap 
of platinum and silver between the terminals and the effective bolometer strip, the 
distribution of temperature is materially changed. For the flap in question the 


constants may be estimated as follows: 


k= 109, 
h = .003, 
o—=-00) 

[Ee — EOS; 
d= .0066, 


all taken, as before, with reference to milligrammes, millimetres, and seconds, while 
i is entered unfavorably with a value ‘decidedly large. In this case the quotient 
t/a is found by computation to be .09, and the temperature distribution for 
S$, — 3, = 15° is now such that at a distance of 3 em., the increment is but 1°C. The 
effect of using the end flaps of silver is thus a reduction of temperature from the 
terminals to the strip, fast enough to quite wipe out any serious discrepancy due 
to unequal temperature in the strips. 

In view of the good conduction of electricity by the silver flaps, furthermore, 
the change of resistance due to change of temperature is equally inappreciable. 


Thus any marked discrepancy due to conduction of heat along the terminals to the 


' This number has been obtained for thick rods of iron and German silver. We were obliged 
to enter it, not having found any special value for platinum. Clearly the quantity 4 cannot in any 
real case be a constant. It must increase very rapidly with the decreasing diameter of a given rod. 
Thus the value above assumed is considerably too small. For very thin rods Cardani finds 2 = .06 
(Nuov. Cim., [3], vol. 30, pp. 33-60, 1891). If a larger value for #4 than the above is put into the 
equations, the results obtained would be more /avorad/e to our argument than those given in the 
text. Thus if 4 = .06, and x = 0.1 cm., 9 — 9, =.14°. 
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bolometer strip seems to have been effectually excluded in the form of experiment 
stated. 
s ; ; ; , : 
We may also use the Fourier equation to find in what degree the platinum 
strip coincides with or follows the temperature of the gas. For simplicity we will 
assume that the gas temperature sinks from its original value (9,), at a constant 


rate in the lapse of time. In other words, put 


If now we neglect the heat flux from the ends of the bolometer strip toward the 
middle, 


and $= S$, for¢=0. The integral of the general equation (8) thus becomes 


r b — f't» , 
Se a t ) Ey Phere erst silts oe at (8) 
which for ¢= o takes the simpler form 
S _ i ay eral ef SusMsPat stra liel wis i-batesettpalels: (s (e(elre.'s ym, (oe) @.0.’0cs (9) 
fe 


The difference ( — 9,) between the temperature (9) of the bolometer strip and 
the temperature (g,) of the air has therefore a maximum value of 6//*. For the 
platinum measuring strip (silver removed), the above constants show f* = 15. 
Hence the bolometer will coincide in temperature with the air after about 1/15th 
second. However, since 2 has been taken very decidedly too small, the real case 
is correspondingly more favorable. With this deduction our observations agree ; 
for the bolometer reached the stationary state immediately after the noise due to 
outrush of gas on expansion had subsided. 

The last of our sources of error, viz. internal radiation, remains to be dis- 
cussed. By this agency the bolometer permanently receives heat from the environ- 
ment, since the walls of the receiver B retain their initial temperature fe. Bat 
this heat, which is proportional to 7’, — 7, may be computed only if the values of 
the emission and absorption coefficients of the reciprocating bodies were known. 
In the absence of satisfactory data for these quantities we made an endeavor to de- 
termine the effect of radiation experimentally. 

With this end in view, we covered the silver-free part of the bolometer strip, 


galvanically, with platinum black,’ and then repeated the expansion experiments 


«If with the same constants and in the same manner the fall of temperature be computed 
for our original device of a bolometric spiral of silver wire, .oo4 cm. in diameter, the results are 
such as fully to account for the difference between our earlier values and the present. 

2 According to the recipe given by Lummer and Kurlbaum, cf. Verh. der Physik. Gesell., 
Berlin, June 14, 1895. 


16 RATIO OF SPECIFIC HEATS. 


with the blackened strip so obtained, The high absorptive power of platinum 
black led us to anticipate an increased temperature difference between the bolome- 
ter strip and the air, since this difference, due to the influx of radiant heat from the 
walls of the receiver, would more appreciably affect the black strip than the bright 
strip of the usual experiments. Indeed the temperature differences severally en- 
countered should be in the ratio of the absorptions in the two cases. We made a 
special measurement of the relative absorption of bright platinum and platinum cov- 
ered in the manner in question, by exposing two surface bolometers, one of which 
contained the bright platinum foil and the other the platinum-blacked foil, to the 
radiations of warm water in a copper vessel.’ These investigations showed that plat- 
inum black absorbs the radiations from a‘copper surface for the temperature inter- 
val of 100° C. to 80° C., nearly fifteen times more powerfully than bright platinum. 
Hence as the change of x, due to radiation, is now a small quantity, it suffices to 
deduct the » value computed by equation (1) for a blackened bolometer strip from 
the value obtained under otherwise like conditions but with the bright bolometer 
strip, to divide this difference by 14, and eventually to add the correction so found 
to all « values corresponding to uncovered bright platinum foil. This correction is 
in fact so small that we deemed it sufficient to determine it for air only, and to 
apply it without further change to the values for the other gases. 


IV.—OBSERVATIONS. 


ad. ATR. 


We will premiss the present section by communicating a few tables taken at 
random from our journal of observations, in order to afford an insight into the 
general character and the accuracy of our results. 

As an example showing the consistency of the results in relation to velocity 
of efflux, we may cite the pressure measurements for a7 made on the 12th of June, 
1893. For an interval of expansion (“ Einspringzeit”) of 12 seconds for the case 
of the smallest, and of 2 seconds for the largest efflux opening, the data contained 
in the two following tables were respectively obtained. The first column in each 
shows the numbers read off on the scale of the sulphuric-acid manometer? direetly. 
In the second column + shows that the pressure was too large, — that it was too 
small, while + denotes a correct pressure value. The third column contains data 


for the position of the sliding contact on the Wheatstone bridge, and the fourth 


"We wish in this place again to thank Mr. Kurlbaum for his active participation in these 
preliminary experiments. 

* ‘The numbers refer to an arbitrary scale, and do not show the height of the column of acid 
at once. To find the pressure in centimetres of H,SO,, they must be increased by about 26. 
Cf. data for comparison in table, pages 20, 22. : 
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the temperatures read off on the mercury thermometers. Throughout this tem- 


perature measurement the balancing resistance W, inserted at Z was 


7o + 10 + 2* 4+ 1 +4 .2 4+ .2* + 1 +..5 + 2, 


of which 2 ohms were inserted before opening the receiver; hence W, — W, = 


2 ohms. 


The following results were therefore found on July 12, 1893. 19%: being the 
5 J 7 ’ 5 
period of efflux: 


, 5 SEC. . = ar 
EFFLUX TIME 12°"; JUNE 12, 1893. 


Manometer. | Pressure. Bridge. | Temperature.! 
| 
Mark 25.05 | — 598 14.63° GC. 
25.12 — 594 14.61 
25.22 | 4 595 14.62 
25.35 = 596 14.63 
25.27 | i 597 . 14.64 
25.20 + 597 14.63 
25.20 | = 598 14.63 
25.28 ais 598 14.63 
25.25 | cs 597 14.63 


These data show that 25.23 cm. is the correct value at the pressure manometer, 
since 25.20 em. is obviously low and 25.25 em. too high. 


The data found on the same day for the smallest efflux time of 2 seconds are 
similarly detailed as follows: 


SE 


EFFLUX TIME 2°°° ; JUNE 12, 1893. 





Manometer. | Pressure. Bridge. | Temperature. 

Mark 25.25 + 597 14.63° C. 
25.21 ala 597 | 14.63 
25.17 os 597 14.64 
25.08 Si 597 | 14.63 
24.96 a 597 | 14.63 
25.00 st 596 | 14.63 
25.04 ai 


596 


14.63 


To accord with this table, 25.00 must be considered as the pressure value 
most nearly correct; and indeed the galvanometer needle during this observation 
remained absolutely at rest for several seconds after expansion. The pressures 
corresponding to 12% and to 2°° of efflux time, differed on that date only by .28 
em. of sulphuric acid or by .023 em. of mercury. True, the expansion can no longer 
be considered adiabatie when the efflux time is as large as 12 seconds, and yet this 
large variation of the experiment does not change the value sought, by more 


’ All the temperatures given are corrected values. 
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than the equivalent of the pressure difference, or in consideration of the 7; values 
applicable, by more than .2 %. 

A third complete measurement corresponding to 6*°* of efflux, gave us 25,038 
cm. as the correct pressure value at the sulphuric-acid manometer. 

The agreement between the reduced values of observations made under like 
conditions on different days was equally satisfactory. 

The temperature measurements corresponding to the experiments to which the 
above tables apply showed for the resistance W, at Z, 

W, = 70+ 104+ 2* + 1+4.2+4 .2* + .1 +55, 

that there was a balance in the Wheatstone bridge for the temperatures contained 
in the following table. This table, moreover, gives a good exhibit of the constancy 
of temperature in the water bath, here definitely below the temperature of the room. 








Temperature. Time. 
8.02° C. DLAC e 
8.01 il 55 
8.00 Resear 
8.00 : [2.10 
8.00 Laos 
8.00 [2-20 
8.00 T2825 





Thus the temperature of the air imprisoned at a pressure excess of 25.00 em., falls 
during adiabatic expansion from 14.63° C. to exactly 8.00° C. 

The pressure comparisons made on June 13 and belonging to the given ex- 
ample are among the following data, where the temperature of the mercury was 
18° C. Owing to motion of the mercury columns in the tubes an even number of 
observations is made for one limb and an uneven number for the other. 


Mercury Manometer. 
Position in the Sulphuric-Acid Manometer. 











| 
|— 
Upper Limb. Lower Limb. 
25.15 8.76 
re32 
; 15.32 8.77 
25.15 8 78 
2 a = 1 = 

25.15 [cm., H,SO,] = 6.55 [cm., Hg.] 
\ 25.08 8.79 
2 4 15.30 8.79 
( 25.10 15.28 8.79 





25.09 [em., H,SO,] = 6.50 [cm., Hg]. 
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Hence 
Division mark 25.00 H,SO,, = 6.47 cm., Hg, at 18° C., 
os > (25.00 H,SO,, = 6.45\cm., He at O° C: 
Initial temperature 7, = 272.4’ + 14.63 = 287.03, 
Final temperature 7, = 272.4 + 8.00 = 280.40. 
The barometer height was found to be 75.97 cm. of Hg. 
Thus we find 
Initial pressure: f, = 75.97 + 6.45 = 82.42 cm., 
Final préssure : fp = 75.97 cm., 
whence 


1 log p, — os ra 1.4021. 


log p, — - log ps — (log 7 - log ae 
The following tables are to show in Pie degree observations made on different 
days, but under like conditions, agree with each other. 


EFFLUX TIME 5°°° ; JUNE 13s 1893, 2° P.M. 





| | 7 

Manometer. | Pressure. | Bridge. | Temperature. 

Mark 25.12 | + | 593 UAVO3 eC 
24.93 | ay | 593 14.64 
25.10 | — 590 14.63 
25.05 | + 591 14.63 
24.95 | 7 | 59r 14.63 


The barometric height for the day was 76.01 em., and the value of 3 computed for 
25.00 at the acid manometer becomes 
Mu = 1.4019 
when the pressure comparison cited above is inserted. 
The following table was obtained on the morning of the same day, the baro- 
metric height being 76.06 cm. Hg. 


EFFLUX TIME 2°*°+ JUNE 13, 1893, 12” M. 





| 
Manometer. | Pressure. | Bridge. | Temperature. 
| | ——— 
| 
Mark 25.02 | - | 586 14.60— GC. 
EL) | aig 594 | a 
26-12 sit 597 | 14.03 
25.07 | = 593 | 14.63 
25.10 aia 595 14.63 





The same pressure, 25.07, at the acid manometer was Abie for an efflux 
time of 6 seconds, while the needle of the galvanometer remained motionless for 
8 seconds. Availing ourselves of the above pressure measurement we thus obtain 

H = 1.4012. 


' The reasons for preferring — 272.4° C. to — 273° C. as the position of the absolute zero of 
temperature will be given on page 25. 
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Several series of experiments which after a long interval of inactivity were 
obtained with a new sulphuric-acid manometer and a more accurate cathetometer 
are now to be given. The first series of experiments was conducted on March 13, 
1894, under conditions of low barometric height, 74.42 em., and for a relatively low 
temperature, 11.91° C., of the water bath. At this temperature the balancing resist- 
ance in the Wheatstone bridge at Z was 

W,=70+10+2+1-+4 2*+.2, 
of which 2* + .2 ohms were inserted before opening the charged receiver, March 
13, 1894. 











Manometer. | Pressure. Bridge. Temperature. 

Mark 13.4 — 589 CVG 
15.2 + 589 11.91 
13.55 = 589 11.91 
14.02 se 589 I1.gr 
14.40 + 589 11.91 
14.50 ef 589 II.gI 
14.22 : 589 II.gI 
14.20 -|- 589 IT.gt 
14.40 + 589 11.91 








The pressure value corresponding to the division 14,21 on the acid manometer 
was therefore considered correct. Its value was found from the following pressure 
comparison made when the temperature of the mercury was 20° C. 




















Mercury Manometer. 
Sulphuric-Acid Manometer, - a 
Lower Limb. Upper Limb. 
| 
14.30 8.078 cm. 15.20 cm. 
8.080 15.20 
8.076 15.21 
8.075 15.205 
14.25 8.085 15.200 
8.088 15.208 
8.088 15.204 
14.23 8.085 15.200 
8.081 15.210 
8.099 15.202 
8.099 15.198 
8.101 15.200 
14.20 8.095 15.197 
8.096 15.198 
8.104 15.198 
14.18 8.099 | a ee eee 
14.20 8.090 15.190 
8.097 15.190 
8.090 15.202 
8.088 15.190 





14.18 8.090 
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The mean value of all these data shows that the division mark 14.21 on the acid 
manometer corresponds to 7.105 em. of Hg, 


The temperature, 7,, corresponding to the resistance standards at Z, 
W,= 70+ 10+ 2-+1, 


and the position 589 of the sliding contact of the bridge, were deduced from the 
following data observed on the 10th of February : 











Temperature. Bridge. ; Time. 
Aaua@. 522 pba! 
4.3) 522 I 5 
4.30 522 Ll tO 
4.31 522 eS 
4.31 522 eo 
4.31 522 155 
4.31 522 2 0 
4.89 646 ak 16 








From these data we find by interpolation that the temperature 4.64° C corresponds 
to the position 589 of the sliding contact. Hence the present result is 


H = 1.3989. 


Another series of experiments was made on March 16, 1894, when the ba. 
rometer stood at 75.24 em. Hg., and the temperature of the water bath was 16.41° 
C. The resistance standards inserted at Zin the bridge were 


Wee OV Olt aes eta Til naG ata 
We = FOU Lol 20a le 





Manometer. | Pressure. Bridge. | Temperature. 
- eons |e eee See 
Sra | = 489 | mOsAaioK(Ge 
51-45 | a | 489 | 16.42 
52.25 | ae | 487 | 16.41 
51.55 — 487 16.41 
51.88 | aa 487 | 16.41 
51.70 a= 487 | 16.41 
51.62 | — 487 | 16.41 


The correct pressure was taken as the equivalent of division mark 51.70. 
How closely the corresponding mercury pressure has been found will be seen in 


the following pressure comparisons made on successive days: 


22 RATIO OF SPECIFIC HEATS. 


MAY 9, 1894. 


Mercury Manometer, 





Sulphuric-Acid Manometer, : ’ ~<t 


Lower Limb. Upper Limb. 


5L75. | 6.396 18.761 
6.398 18.757 

6.398 18.758 

6.400 18.756 

6.398 18.755 

6.399 18.755 





51.70 [em., I1,SO,] = 12.358 [cm., Hg]. 


MAY 25, 1894.—NO. I. 


Mercury Manometer, 
Sulphuric-Acid Manometer. 0 
Lower Limb, Upper Limb. 


| 
51.75 | i 17.185 
4.826 17.185 
51.70 4.828 17.187 
51.69 4.830 17.186 
51.70 4.832 I 17.187 
51.69 } 
51.71 [cm., HySO,] = 12.357 [cm., Hg]. 
MAY 25, 1894.—NoO. 2. 
Mercury Manometer. 
Sulphuric-Acid Manometer, |—— 
Lower Limb. Upper Limb, 
e eed = | a nt ig tale ig 
51.70 oe 17.186 
ey 4.832 17.186 
50.70 4.833 17.185 





51.70 [em., HySO,] = 12.353 [cm., Hg]. 


The temperature 7) (4.14°), corresponding to the resistance W,, was determined 
. 
in a way similar to the method given above. These data therefore show 


a — i or Co) 


}. WYDROGEN. 


In conclusion we will communicate a similar series of results for hydrogen, 
selecting data found for three different pressures. The same bolometer strip sub- 
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served the purposes of measurement as in the preceding experiments. The resist- 
% ance at Z was at the initial temperature : : 
eae W,=70+10+.2%*+5+.2+1; 
; and at the final temperature : 
i W,= 70 + 10+ .2% 4+ 2,%*+ 5, 
In the case of hydrogen the period of efflux for corresponding apertures is much 
smaller than for the other gases. 

. EFFLUX TIME 1} 8”; APRIL 26, 1894. 











Manometer. Pressure. | Bridge. Vemperature. 
51.00 as 601 16.017 C 
53-00 + 601 16,01 
51.90 a eee 599 15.99 
51.40 _ 601 16.01 

* 51-60 25 601 16,01 
51.85 + 605 16.02 
51-55 — 603 16.01 
51.65 Sf 





604 16.02 





ea 








e es Manometer. | Pressure. Bridge. | Temperature. 
IE. 50.54 4- ! 604 16.01 
ms 51.20 _ 604 16,02 





51.65 + 603 16.0% 


Fags 


In spite of the shortness of the efflux time (4 second), the galvanometer needle 
_ at the pressure of 51.54 remained quite at rest for two (2) seconds. In the follow- 
ing series of experiments all quantities except the position of the sliding contact 


aE: 


on the bridge and the initial temperature are exactly the same as in the preceding 
series; but we operated with a larger efflux opening. 


EFFLUX TIME }°; APRIL 28, 1894. 














Manometer. Pressure, Bridge. Thermometer. 
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In the following experiments for a smaller pressure excess, the change of 
resistance amounted to 3.1 ohm. The largest efflux opening was made use of. 


“te 
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EFFLUX TIME} ‘*; ApRIL 28, 1894. 





Manometer, Pressure. Bridge. Thermometer. 
36.00 + 530 17-31 a Gs 
34.10 — 532 
35-00 _— “ “ 

36.00 aL : ba 
35.50 IE eat “ “ 
35-70 = ““ es 
35-35 — “ | « 


The period of quiescence of the galvanometer needle proved at the pressure 
35.50 to be quite one second, 

We may remark that the observer at the galvanometer was not instructed as 
to the height of the pressure excess which the second observer produced. The 
same observer simultaneously kept the temperature of the water bath at the 
desired value. 


C. TEMPERATURE DISTRIBUTION IN THE WATER BATH. 


Finally we wish to give a brief summary of the bolometric measurements made 
relative to the distribution of temperature within the water bath (cf. page 5). 
The mean temperature of the bath in the lapse of time was kept constant in the 
manner specified above, to the degree given in the first column of the following 
table. 
parts, obtained for suitable resistance ratios in the respective branches of the 
Wheatstone bridge. The third column contains the time of observation. We 
adduce three series of observations: in the first and third the bolometer was near 
the surface of the water in the bath, while in the second it was near the bottom. 


The second column shows the deflection of the galvanometer needle in scale 














Temperature. Deflection. Time. Bolometer. 
15:70 0G: 105.0 reg 
15.70 104.0 22 
15.70 104.0 Teer feeds 
15-79 2 gio 320e ye TI 
15.70 104.0 Lona ge ) 
15.70 105.0 T42 ( below 
15.69 103.0 ey z 
15.70 106.5 Tame gm i 
15.70 105.5 1 58 1) abexe 


The sensitiveness of the method is particularly seen in 


of collateral data. 


the following table 
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Temperature. | Deflection. | Time. Bolometer. 
15.60° C, | 53.0 | oe ) 
15.60 4.0 | 2: Lo above 
15.60 54.0 | 24 5 ) 
} 


V.—Regsutts. 


Equation (1) which is made the basis of the present experiments applies for 
perfect gases, the intrinsic equation of which is of the form due to Mariotte and 
Gay Lussac: 

pu = R7, 


where p is the pressure corresponding to the volume v at the absolute temperature 
T, and F is a constant. For air, oxygen, and hydrogen this equation is admissible, 
provided the zero point of the absolute scale of temperature be located in conform- 
ity with the properties of the gases. This is done if the absolute temperature 7 is 
computed from the temperature ¢ in degrees centigrade by the formula 


1 
C=ot 4 


in which a@ is the coefficient of expansion of the gas in question. We may remark 
that the effect of this difference of a for the different gases in question is usually of 
little significance. 

We made the computation in the same way for carbon-dioxide, although the 
departure from the laws appertaining to perfect gases is appreciable for this body, or 
at least is larger than for the other gases. The values for a and 5 used in the pres- 
ent paper’ are as follows: 











a 1/@ 
PAWS peI aA Sey ety eict © ceshe it kts! Gusuatt evo 2 | .0036706 27.2.4. 
Omy Penner petits orci recs Boies ws .0036743 27212 
EL VCIO PEN eer steer. seict wie ore senate fale lve sie .0036613 273.1 
(Carbon-dioxides.a4. 6.52 ac ss 003699 270.3 
i = a 
a. ATR. 


The air was taken directly from the atmosphere in the room and successively 
passed through concentrated sulphuric acid, a drying tube containing calcic chloride 


1 The values for 7 communicated at the Oxford meeting of the British Association were found 
for 1/@ = 273. Hence these results will differ slightly from the present series. 
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and a wad of absorbent cotton w (fig. 1). Two series of experiments were made: 
one consisting of 5 determinations in June, 1893; a second series of 6 determina- 
tions in February and March, 1894. In the first of these the pressure measure- 
ments at the mercury manometer were read off on a cathetometer of only moderate 
accuracy. The fine cathetometer of Mr. Hansemann was not available until we 
reached the second series. 

In the following tables 7, and 7, are the absolute values of the initial and 
final temperatures, p, and p, the corresponding pressures of the gas before and after 
expansion, in cm. of mercury. % denotes the ratio of the two specific heats, and D 
the variation of each value from the mean. 




















Date. Ts ie | Ai Pe x" D. 

6, 6, 93 | 287.02 280.39 | 82.85 76.32 1.3980 —.0024 
12, 6, 93 | 287.03 280.40 82.42 75-97 1.4021 | -+.0017 
13,/6,'98 | 287.03 280.40 82.53 76.06 1.4012 -++.0008 
3;/6;193. |] 287.03 280.41 82.46 76.01 1.4019 | -.0015 
16, 6, 93 | 288.91 276.66 88.69 76.19 1.3988 | —.0016 

| 
be | eee 
Mean: * = 1.4004. 

Date. | Tae Diy | Pi: | Po: | He | D. 

el | el eae 

92,94 | 284.01 276.72 | 82.28 75.12 1.3996 —.0008 
12, 2, 94 289.71 276.46 87.309 74.15 1.4016 -+.0012 
16, 2, 94 | 289.63 284.64 81.583 76.78 1.4009 +.0005 
16, 2, 94 289.63 279.72 | 86.753 76.80 1.4000 — .0004 
13, 3) 94 284.31 277.04 81.50 74.42 1.3989 —.0015 
16, 3, 94 


288.81 276.54 87.554 | 75.24 I.gOI2 -+.0008 





Mean: % = 1.4004. 


The mean values of x of both series happen exactly to coincide. 
The mean value (x) for data obtained with a platinum-blacked bolometer 
strip was 
HI 3 708" 


Hence the correction for the radiation discrepancy is 


TOO FeO 0S) = aaa 
14 


The final result for air is therefore 


M = 1.4025. 
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b. OXYGEN. 


Commercial oxygen obtained from Dr. Elkan in Berlin was used. The method 
of experiment did not differ from that detailed for air. The results are as follows: 


Pr: | Pa: | Ht, | D. 





| 

Date. Te a | 
12, 4, 94 288.71 275.46 | 89.462 | 75.80 1.3952 — .0004 
12, 4, 94 288.71 282.07 | 82.291 |) 75680 1.3948 | — .c0o8 
13, 4, 94 289.21 275-61 | 89.713 TS 1.3963 ++ .0007 
13, 4, 94 289.21 279.25 | 85.694 75-75 1.3969 + .0013 
13, 4, 94 284.71 | 275.76 | | I — .0006 


84.793 | 75-75 


; Mean % = 1.3956. 
Correction for radiation + .oo21, 
Final value (corrected); % = 1.3977. 


C, CARBON-DIOXIDE. 


The gas was obtained from a cylinder of commercial, liquid carbon-dioxide. 
Hence it was passed through the drying train into the copper receiver for experiment. 


—= a = —= — — | 





Date. | Live igs Pi. po: x. Di 
19, 4, 94 288.01 277.08 89.477 75-54 1.2961 — .0013 
19, 4, 94 288.01 280.36 84.998 75-50 1.2965 — .0009 
19, 4, 94 280.71 277-41 79-677 75-68 1.2987 + .0013 
19, 4, 94 280.71 274.11 83.986 SGC 1.2983 — 0009 





Mean % = 1.2974. 
Correction for radiation + .oo2r. 
Final value (corrected), %” = 1.2995. 


d. HYDROGEN. 


Commercial hydrogen obtained from Dr. Elkan in Berlin was passed through 


a solution of permanganate of potash and thereafter treated in the manner specified 














for air. 
Date. Ta To. p1- | Pa: | mt, Dz. 
24, 4, 94 285.32 276.35 84.617 75-75 1.4004 + .0c001 
26, 4, 94 289.02 276.72 87.930 75.64 1.4062 — .coor 
28, 4, 94 290.32 276.47 89.463 75.46 1.4056 — .0007 
85.527 75-46 1.4070 + .0007 


28, 4, 94 290.32 279-99 





Mean % = 1.4063. 
Correction for radiation ++ .oo2r. 
Final value (corrected), %” = 1.4084. 
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CoNcLUSION. 


We have already intimated that the values for x obtained with the new bolo- 
meter would be larger than the corresponding data obtained in 1887 by the use of 
a silver wire .004 em, thick for bolometric purposes. This anticipation has been 
quite borne out by the experiments, showing that the discrepancy due to heat con- 
ducted inward from the terminals had seriously affected our earlier results. 

A summary of the different experiments made for evaluating x is given by A. 
Winkelmann in his Handbuch der Physik, 1895, vol. ii., pp. 381, 382, covering the 
ground up to 1895. Furthermore, the Journal de Physique, 1895 (3), vol. iv. pp. 
465-465, contains an historical and critical review ' of the subject as to methods and 
observations, by M. G. Manoevrier. We do not therefore think it advisable to 
reproduce these bibliographies here, in which, to our knowledge, only the experiments 
of J. Webster Low? seem to have been overlooked. On the other hand, a compari- 
son of our results with those of earlier observers in the form of a table such as is 
given at the end of this paper, will conduce to an intelligent survey of the present 
aspect of the subject. All correlative results were obtained by methods different 
from ours, 

The researches of Réntgen and of Paquet are based on the well-known method 
of Clément and Desormes. 

The values of Kayser, Willner, and J. Webster Low are computed from data for 
the velocity of sound. The first two of these observers made use of Kundt’s method, 
while Low reached his results through the interferential method for the velocity of 
sound waves devised by Quincke. Manoevrier’s method is the following: A given 
mass of gas is compressed adiabatically, and the increase of pressure produced 
determined. The change of pressure due to an equal but ¢sothermal change of 
volume is easily computed from known laws. If both volume decrements be 
small, the ratio of the pressure increments is very nearly equal to the ratio of the 
specific heats. Hence x may be found from the data for the adiabatie volume 
reduction. 

All data given in the following table refer to ordinary atmospheric temperatures. 

‘In this review, as well as in another paper ( ¥ournal de Phys., 1895 (3), vol. iv. pp. 368-373), 
M. Manoevrier devotes some space to our work of 1887 and to the results of the present investiga- 
tion, as far as they were given in the brief summary contained in the Reports of the Oxford meeting 
of the British Association. We consider a direct reply superfluous, for the points raised by M. 
Manoevrier are all touched upon in the present extended publication in so far as they are matter-of- 


fact and not merely controversial. 
* J. Webster Low, Wred. Ann., vol. lii., pp. 641-664, 1894. 



















: a 2 
7 oe “ - 
— wade 
=a - ~ : 7 
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TABLE OF COMPARATIVE VALUES OF %. 
Air. Oxygen. Carbon-Dioxide. Hydrogen. | 
a 
re eee 1.4053 ——— 1.3052 1.3852 
oes 1.4106 —— amen —— 
1.405 — 1.3054 
- 1.4038 ——- —- ——— 
Low, 1894 1.3968 = 1.291 saa 
and Pringsheim, 1894... 1.4025 1.3977 1.2995 1.4084 
€F, 1895...---. serene 1.3925 — 1.298 1.384 
echnische Reichsanstalt, 
harlottenburg, Germany, 
October, 1897. — ; 
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ADVERTISEMENT. 


The present memoir, describing experiments with ionized air, is the result of 
a series of investigations by Professor Barus which were carried on from 18938 to 
1895, under aid from Mr, Clarence King and Doctor Alexander Graham Bell, and 
later continued under a grant from the Smithsonian Institution. 

This research is tributary to an investigation of the colors of cloudy condensa- 
tion. Lord Rayleigh’s famous theory, if applied, would stop at the deep reds of 
the first order terminating in opaque, whereas in the laboratory experiments, ex- 
ceptionally brilliant colors extending almost into the third order of Newton’s series 
may be produced. 

It is thus essential as a preliminary step to investigate appropriate means for 
the production of nuclei, to determine their number per cubic centimetre, their 
velocity, their association with ionization, the effect of the presence of an electric 
field, ete. This is the general trend of the work of the present volume though the 
experiments have a special interest apart from their ulterior purposes. 

The endeavor is made with the aid of the condensation tube (which proves to 
be unique in its adaptation to the present ends) to show that the nucleus has a 
specific velocity of its own, and that this is retained even in the absence of an 
electric field. The application of this principle to plate, to tubular, and to spherical] 
condensers leads in every case, and in spite of the variation of method, to an order 
of values as to the number of particles in action, agreeing with the data obtained 
by other investigators from different experiments and theoretically different points 
of view. 

In accordance with the rule adopted by the Smithsonian Institution the work 
has been submitted for examination to a Committee consisting of Professor Wilder 
D. Bancroft, of Cornell University, and Professor Edgar F. Smith, of the University 
of Pennsylvania, and having been recommended for publication, it is herewith 
presented in the series of Contr/butions to Knowledge. 

Ss. P. LANGLEY, 
SECRETARY. 
Smithsonian Institution, 
Washington, June, 1901. 
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PREBACE, 


The present researches are a continuation of the work begun in 1893, while I 
held a professorship of meteorology in the United States Weather Bureau, and 
completed in 1895 in a private laboratory, whose facilities and maintenance [ 
owed to the generosity of Mr. Clarence King and Prof. Alexander Graham Bell. 
For reasons of no moment here, the work was abruptly discontinued at a very 
promising stage of progress and I have had no opportunities to return to it since. 

In the meantime the whole subject underwent an astounding transformation, 
due to the discovery of the X-rays and the brilliant achievements reached with 
these new means, chiefly at the University of Cambridge, by Prof. J. J. Thomson 
and his pupils. 

It was therefore with great pleasure that I welcomed an invitation from the 
Secretary of the Smithsonian Institution, empowering me to begin the work anew, 
along lines but little culti vated with this end in view by the other physicists. 

The present work, as a glance at the following pages will show, has been 
laborious throughout, and the interpretations difficult and precarious. If the 
steam jet is to be used as an instrument of research, the evidence is of the nature 
of color criteria, unsatisfactory at best. The ionizer chiefly used, though admirable 
in all other respects, has shown a degree of subtle variability, for which I was, at the 
outset, altogether unprepared. It was essential, therefore, that the results reached, to 
be warrantable, should be looked at from many points of view, and this has given 
rise to a greater variety in the chapters than was originally planned. The peculiar 
value of the steam jet in spite of all disadvantages, remains: it is a non-electrical 
instrument giving evidence with a direct bearing on obscure electrical processes ; 
and from this point of view I believe that extensive work with it is eventually 
bound to be fruitful. 

In work so alive and well known as that to whieh the following pages are 
tributary, I have thought it unnecessary to enter into a full bibliography.’ Most 
of it has issued from the Cavendish Laboratory (Thomson, C. T. R. Wilson, 
Rutherford, Townsend, Zeleny, H. A. Wilson, McClelland, and others; to whom 


1Cf. E. Merritt : Scéence, xii, pp. 41-48, 98-104, 1900; H. Becquerel : Wature, Ixili, pp. 396- 
398, 1901; N. E. Dorsey : U.S. Monthly Weather Review, Sept., goo ; above all, the monographs 
in the Rapports présentés au Congrés International de Physique, Paris, 1900, vol. iii, by Becquerel, 
Curie, J. J. Thomson, Villari, and Villard. 
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we must add Bidwell, Chattock, Beattie, Russel, Smithells, 
papers will be found without difficulty by enleae “recent - nu 
Philosophical Magazine. Moreover, Prof. Merritt, M. Becquerel : 
given historical accounts of other onde ofit: = 

T may say in concluding, that Se Kelvin’s nucl ei ana 


terms is therefore not merely dictated i convenience. Their app ears au 
measure inevitable. To employ them interchangeably with “ion,” woulk 
research like the present, be hazardous. 
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EXPERIMENTS WITH IONIZED AIR: 


By Cart Barus, 


HAZARD PROFESSOR OF PHYSICS AT BROWN UNIVERSITY. 


CHAPTER I. 
PRELIMINARY EXPERIMENTS. 


1. Color tube.—The apparatus for the observation of the colors of the cloudy 
condensation of water vapor in air will be briefly called the color tube or the steam 
tube, as convenience suggests. In most of my earlier experiments it did not differ 
essentially from the form devised after long trial in my previous papers ' on the sub- 
ject. It will be necessary, however, to insert a short description here, as otherwise 
the account of many of the experiments given below would be unintelligible. 
So too the condition under which steam-jet criteria are admissible will have to be 
succinctly stated. 

The tube and appurtenances are shown in figures 1, 2, 3, and 4, the tube itself 
in the first figure. Steam enters the tube 4A directly by the jet j, screwed into it 
near the bottom. Air is supplied through C, which is of the same diameter as 44, 
and B is the efflux. Sky light, Z, transmitted through the tube by means of the 
adjustable mirror 7, and the window a, is observed through the inclined plate g. 
Here a difficulty presents itself, inasmuch as g at once clouds over; but I eventu- 
ally overcame this by moistening the inside of g with a solution of caustic potash 
applied with a sponge probang through B. Jn this way a clear field is again 
obtained for some time at least, after which the moistening must be renewed. The 
inelined position of g makes the whole window easily accessible, and a special hole 
closed by a cork may be cut in the elbow for inserting the probang when & is 
otherwise engaged. Other tubulures have special purposes, to be shown and stated 
below. The windows are suitably secured between rubber gaskets held in place by 
flanges and bolts. 

The observer faces the plate g symmetrically and looks down the color tube 


1 Cf. Condensation of Atmospheric Moisture, Bulletin No. 12, U.S. Weather Bureau, Washing- 
ton, 1895, pp. I-104. 
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AA, while a screen cuts off all extraneous light. With this apparatus a brilliant 
field of color is obtained, so that minute differences may be detected, and I thus 
investigated the seale given below between the intense oranges of the first order 
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and the final greens of the second order, after which the colors are too faint for 
recognition, In the latter case, since low-pressure steam must be employed, an 
advantage is secured by drilling two or more holes in the jet j. Figure 1 shows 
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that the tubes slide into the snugly fitting envelope f and the system may there- 
fore be shortened for observing very intense colors, or lengthened for faint colors, 
Either end of AA may be rotated. ‘ 

Color tests are as a rule more satisfactory for quantitative work if some fidu- 
cial field is at hand for comparison. Figure 2 therefore consists of two color tubes, 
identical in every respect and admitting of an independent use of both eyes. Sky 
light is introduced by the mirrors and I’. The observer looks down into ea 
paclewerd and g',at once. The two tubes may be connected rigidly by the double 
bridge, and supported from a stout rod, x. If the jets are identical and communi- 
cate with the same steam box, the colors seen by both eyes should be identical. 
This state of things is found by trial. Supposing, therefore, the right tube is left 
without interference, the other tube may be manipulated in various ways. In all 
such cases the two tubes are connected in multiple, as it were. But if the jet be 
removed from A’A’, and the discharge from AA, after passing through a suitable 
length of wide tube, be eventually passed through A’A’, without further interfer- 
ence, the two tubes are in series. ‘This adjustment is shown in figure 4 and leads 
to interesting application of the apparatus. 

On reviewing the earlier experience it appears that the adjustment of air and 
steam which secures the clearest field must be made as nicely as the adjustment of 
air and gas in a Bunsen burner. Otherwise the colors are either dull or faint, quite 
apart from temperature or pressure conditions. Often the efflux may be stimulated 
to advantage by an auxiliary ventillating tube at 4, containing its own jet, without 
interfering with the color tube itself. Whenever possible it is preferable to take 
the air entering C’from a room heated nearly equally throughout. In cases where 
this is not Pein the train represented i in figure 3 is rere Here a, g, are the 
windows of the color tube 4A, 7 the jet, and J the mirror. # is the efflux tube 
for mixed steam and air, C the influx tube, showing the thermometer, ¢, in place. 
The air entering C’is taken from the outside atmosphere, the three influx tubes, 
EL, D, F, passing through the window frame, W. Valves are inserted in each of 
these tubes, as at ¢, f, h, so that the quantity of air passing through each of them 
may be regulated or quite shut off. In winter when the valves are open, the air 
rushes through the tubes with considerable velocity, even when the jet 7 is not in 
action. This velocity increases with the steam pressure actuating the jet. Under 
no circumstances must the valves be so far closed that there is not free influx of air 
at C. The tube /’is clear, and the air passing through it has the temperature of 
the atmosphere. The tube 7 discharges into #’and is provided with a drum con- 
taining a coil of thin lead pipe. About 20 turns of pipe, each about 5 em. in 
diameter, and a drum about 385 em. long and 10 cm. in diameter, are more than 
sufficient. In winter time steam is passed through the lead pipe ; hence by suita- 
bly regulating the valves / and f, the air flowing through C may be kept at any 
desirable temperature, since temperatures between 9° and 40°, only, are needed 
for the present purposes. In summer time, chilled brine or an expanding gas would 
be similarly serviceable. 

The auxiliary tube,, also #’ discharges into /, and is useful for increasing the 


4 EXPERIMENTS WITH IONIZED ATR, 


“dust” contents of air entering C, with the aid of a “duster” at %, and a variety of 
similar purposes. It is to be noted that the tubes 4, ), /; must all pass out of the 
room. If, for instance, 6 opened into the room (often very desirable), then if the 
jet is only slightly in action or not at all, cold air will pass into @ and D and out 
at 4, as well as at B,into the room, The flow of dusty air would therefore be irreg- 
ular. An advantage is secured in making the common tube @ long, so that the air 
may be well mixed before impinging upon the jet. At best, however, air dusted in 
this way is but an inferior substitute for good room air, and the results show more 
fluctuation. 

2. Jet_—-A jet of almost any kind, with a smooth round hole about 1 milli- 
meter, is satisfactory. It may be conveniently shaped from lead pipe. When the 
variations of color phenomena are to be quantitatively studied it is desirable to make 
the jet as shown in figure 6. Here ad is a brass tube about 10 em. long and 1 em. 
in diameter, the end 4 of which is threaded both on the outside and inside, so that 
a thin-walled nipple, ¢, closed at the outer end, may be inserted. Into the top of 
ca hole, d, is smoothly drilled. The outer thread at is useful in screwing the 
jet to the color tube, in to the centre of which ¢ projects. The open end a of the 
jet is connected with the tube 4 of the steam box, figure 5, by a union. 

The jet may either be fed with pure steam or with compressed air super- 
saturated with aqueous vapor. When steam is used alone, it must be available in 
large quantity at a pressure up to one atmosphere or more. This pressure may 
then be reduced by an ordinary steam-cock. To dry the steam it is conveniently 
passed into a cylindrical box, A, figure 5, called a separator, through the vertical 
pipe a, surmounted by the cock specified. It is conveyed to the jet by a lateral 
pipe, 2 The water which collects is discharged through c, and a pipe, d, communi- 
cates with an open mercury monometer for the measurement of pressure. The 
separator should be made of gas-fitters’ appurtenances and suitably jacketed. 

8, Available color sequences.—The next question to be preliminarily disposed 
of is the succession of colors. I will arrange them in table 1, stating briefly how 
they were obtained and placing the colors where I think they belong. I will also 
add Quincke’s* revision of the colors of Newton’s rings, as quoted by Kohlrausch,? 
for comparison. Kiessling’s® results need some explanation. His first series of 
colors is produced by compressing surcharged, suitably dusted air, and then allow- 
ing it to expand suddenly to atmospheric pressure. The experiment being made 
in a glass sphere illuminated by sunlight, the colors are observed in the axis of 
illumination. The succeeding series are obtained by aid of an exhaust pump. 
They are less easily located relatively to Newton’s scale (see last columns) than 
Kiessling’s first series, which is intensely brilliant. Aitken,‘ who exhausts long 
tubes, gets a wider range of colors, running, as I interpreted them, from the first 


* Quincke: Pogg. Ann., CXXIX, p. 180, 1866, 

* Kohlrausch : Lertfaden, 5th edition, p. 340. 

* Kiessling : Daémmerungserscheinungen, p. 140, 1888 ; Hamburg, L. Voss. 
‘Aitken: Trans. Roy. Soc. Edin., XXXV, part I, 1888 ; sdid., XXXVII, part I, No. 3, 1892 ; 


Proc, Roy. Soc. Edin., XV1, p. 135, 1889 (containing full descriptions); #¢., XVII, p. 259, 189g0- 
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into the third order. Von Helmholtz * saw all his colors 
of an open steam jet, and reasonably inferred that the remote and cooler parts 
contain the larger particles. Aitken’s jets play into tubes. 

In my own work, most of the colors from the browns of the first order to the 
crimsons of the second could be produced in the tube, figure 1, by simply decreas: 
ing the pressure under which the steam issues from about 80 cm. of mercury to 
zero, if the ingoing air is not too hot or cold. A much better method, however, 
consists in using a copious steam efflux at very low pressure excess, and adding 


in the successive regions 


uniformly dusted air in the necessary amounts at C, as will be instanced below. 


TABLE I.—SHOWING THE SUCCESSION OF COLORS. 


{Data of the last column for air, white light, and normal incidence. ] 


























By exhaustion. Experiments with jets. Thickness 
— ——__—_—_———- Sg ear Colors of f plat 
: ‘i Aitken | Helm- Aitken Newroure ieee i Pain 
Kiessling, 1884. 1892. y holtz, : 1892. » | Barus, 1892. Remarks. | ferences. muillic 
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Pale f White. | white, 000,020 
yellow. Yellow. | Yellow. __ ||Yellow white. /000,048 
: = ||Brown white. .000,0 
(Second, third, Slichtl Orange. ) Efflux | g | Vellow brown. so Tee 
and fourth Sata Brown. | Brown. § violent. | = | Brown. 000,117 
(First series.) ee 10 ee BEAT | Set i eeu 
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Yellow. asa ae J Yellow green. | -000, 564 
Beyond Dull yellow. | .000,575 
recognition. IL ee 


























Between the brown and dark violet of the colors of the first order, there is an 

Sometimes the brown takes on a reddish hue and sometimes the 
purplish : but the opaque region of indefinable color remains.  In- 
Being absent in ex- 


opaque region. 
violet appears 
deed, it is a characteristic landmark in the color territory. 
haustion it is to be interpreted with regard to the researches of Osborne Reynolds,” 
on the flow of liquids in pipes. Reynolds found that a colored jet passing through 
91; Nature, XXXVII, p. 428, 1888; zd., XLI, p. 394, 1890 ; 2brd., XLIV, p. 279, 1891 ; drd., 
XLV, p. 299, 1892, and elsewhere ; Proc. Roy. Soc. Edin., U1, p. 425, et seg., 1892. 
‘Ry. Helmholtz: Wied. Ann., XXVUL, p. 508, 1886 ; ted, XOX XL, pe ,.03377 


? Reynolds: Hil. Trans., London, III, p. 935, 1883. 
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clear water remains uniformly filimentary, so long as a certain critical velocity 
of efflux is not exceeded. After this the jet breaks up suddenly and violently into 
eddies. But as applied to the steam jet, this reason is not quite adequate ; for if 
the intensity of the latter is still further increased, magnificent browns and oranges 
appear beyond the opaque. To account for opacity it is thus essential to inquire 
into the relation of color to size of particle at the point where color is extinguished. 

4. The boundaries of the opaque region—The final subject to which atten- 
tion must here be directed is the relation of the color obtained from a given influx 
of nearly pure air, its temperature, and the pressure actuating the steam jet. I 
append two illustrative charts, figures 7 and 8, from my earlier paper. In these 
the abscissas indicate the temperature (in degrees centigrade) of the air entering 
the color tube at C, figure 1, or in other words, the registry of the thermometer 4, 
figure 3. The ordinates show the pressure in centimeters of mercury under which 
the steam is forced out of the jet. Points of the curve between 0 and 40 centi- 
meters then show the corresponding values of air temperature and steam pressure 
at which the dark violet of the first order merges into opaque. The points of the 
curve lying quite above 40 cm. (this datum depends on many factors) show the 
condition at which the brown yellows of the first order just emerge from opaque. 
Curves indicating the approximate loci are drawn through the points. 

Below 9°, therefore, the field is opaque at all pressures. Above 9°, the pres- 
sure at which the blue changes to opaque rapidly increases with increasing tem- 
perature; and the pressure at which brown yellow changes to opaque decreases 
from an enormous value, and at even a more rapid rate, as temperature increases. 
Both loci curving at a retarded rate, eventually reach a common asymptote at, say, 
41 cm., the temperature being indefinitely high. At the same time the colors 
which were very intense at the lower temperature gradually become fainter and 
the opaque zone more translucent, until at about 40° of air temperature (depending 
on the size of the nozzle) the field is quite clear and without color. The escaping 
steam is gaseous and not visibly condensed. When temperature decreases again 
from 40°, faint white yellow is the first color to appear, showing that the particles 
here must be the smallest of the whole series. At 35° the change from faint 
yellowish tones to faint white blues, when pressure is made to vary suitably from 
larger to smaller values, is quite marked. There is no opaque demareation, how- 
ever, but rather a mixture of colors, for the field is scarcely impervious to light 
above 30°. 

For all temperatures and pressures lying to the left of the two curves, figures 
7 and 8, the field is opaque, and it sends off a kind of cusp to penetrate into the 
higher temperatures. There is a characteristic difference between the two margins ; 
for whereas the yellow opaque after a sharp inflection shoots up almost vertically, 
blue opaque shows a regular curvature throughout into lower temperatures than 
the other. At about 13° I have inseribed the successive position of the chief 
colors. This cannot be nearly so well done as the location of the opaque margin ; 
but the contour of the color curves is surmised from the line for blue opaque. 
Similarly above the yellow opaque line, a family of browns, oranges, and yellows 
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might be located. When the dust contents are increased, the cusp of the opaque 
region approaches the abscissa, and hence the color loci will be successively more 
crowded together. 

In the chart, figure 7, only a single air tube (d, fig. 3) was available. The air 
was heated to about 40° by the circulating steam in the drum. This was then shut 
off and the temperature and pressure at which the colors disappeared noted on 
cooling. The mercury thermometer is scarcely sensitive enough for such observa: 
tions, and the temperatures of the diagram are probably too high. The observations 
of figure 8 were obtained with the apparatus shown in figure 3. There is greater 
certainty near the cusp, which is higher. The cardinal features of the phe- 
nomenon are, however, the same in both charts. 

All colors are cleared and become fainter on opening the bottom window of 
the color tube. The opaque margin as a whole shifts to the left, indicating 
the occurrence of lower temperatures. Thus at about 16°: 


Pressure of blue: Pressure of yellow : 
Open, 33 cm. Open, 45 cm. 
Closed, 25 cm. Closed, above 100 cm. 


The jet is sensitive to about one inch above the hole. No effect is produced 
by introducing dusty air two or more centimeters above it. When it is merely a 
question of producing opaque condensation without regard to color, a wide jet 
supplied copiously with steam at a vanishing pressure excess, is useful. Thus a flat 
lava tip is very sensitive under these conditions. 

5. Lonizers and “dust” producers.—The most convenient and generally effi- 
cient “dust” producer which I have found is phosphorus at a temperature some- 
where between 20° and 30°. Thin dises, P, of it may be enclosed between pieces 
of wire gauze, about as large as a dime, and mounted on a stem, as in figure 9 a. 
When not in use, this duster is as usual submerged in water, to be thoroughly 
dried by squeezing it between folds of bibulous paper prior to the next experiment. 
It lasts indefinitely, since it is only the glow visible in the dark which is effective, 
while the noxious smoke which sometimes shows itself at higher temperatures is 
without a condensation-producing tendency. A better source of dust particles is 
made, as in figure 9, by inserting strips of wire gauze soldered together at points 
a, about an inch or less apart, and holding dises of phosphorus P, in the interven- 
ing spaces, into a wide tube, A.B. This is drawn to a finer end at C, where a stop- 
cock may be placed. When not in use the strips are withdrawn and dropped 
into water. 

If the end A is placed near the mouth of the color tube ((, figure 1) and the 
narrow end is open, sufficient air traverses the tube to produce a color depending 
on the degree to which the end is open. It is far better, however, to send a defi- 
nite current through the tube from an aspirator controlled by a screw stop-cock 
like those attached to oxygen cylinders. In such a case any desirable color of 
cloudy condensation may be maintained in the tube for an indefinite length of 
time, assuming that the steam jet is equally constant. No diffusion is observable 
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when the cock is closed. Even when phosphorus is contained ; 
bottle, it is not liable to diffuse out of the mouth in sufficient 
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the jet. To be effective the dust must therefore be conveyed into the sui by 
convection. u yr (4s 
The tube is to be from 6 to 12 inches long or longer, depending on the ve ocity 
of the current of air to be passed through it. If the current is too rapid, j a 
phosphorus is apparently chilled or oxydized too highly, so that the air panic 
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escapes 18 now as ineffective as from a tube with too slow a current ora closed tube. 
A somewhat similar difficulty is encountered on using the color tube with a pellicle 
of phosphorus. If this is put too near the jet it will not color it. So an X-ray 
tube too near the jet is neutral. A certain volume for growth of nuclei is appar: 
ently needed. If the pellicle, figure 9a, is approached through C figure 10, toward 
the jet or removed from it, blue flashes appear between relatively clear fields. In 
position @, to take another instance, there is permanent coloring due to phosphorus 
dust slowly entering C'around the edge. At 4, the color effect is apt to be absent. 
The result is unchanged even for a tube, C, two feet long. Placed in a lateral tubu- 
lure as at (1), the phosphorus pellicle is ineffective, whereas if at (2), (3), or (4), 
the field is markedly colored. In like manner in using the multiple tube method 
for graduation, the place of insertion of the mouths of the tubes of the form AB, 
figure 9, made a difference in the color effect obtained, cet. par. 

6.—Aspirating air at the rate of several liters per minute over sulphur at 300° 
did not produce perceptible darkening, although ignited sulphur is very effective. 
Ignited phosphorus, even when passing oxide visibly into the color tube, is without 
action. Glass tubes when heated high enough to show the sodium flame on the 
outside throw an abundance of nuclei into the air current passing through them to 
the color tube. Other tubes (metallic) are also liable to volatilize sodium vapor 
under like circumstances, if not quite recently cleaned. In such a case a change of 
color from yellow to blue through opaque occurs as the tube cools. The phenomenon 
is complicated by the efflux of hot air. 

7.—For concentrated sulphuric acid, a Wulff’s bottle is a convenient apparatus 
for producing the nuclei, the air being bubbled through it as shown in figure 11, 
Coal gas as a convection agent is even more effective. Phosphorus, P, may also be 
used in this way, but less efficiently. 

8.—Washing the air charged with nuclei has but little effect, if any. Heat, 
however, seems to exert a tendency to dissociate them. In the apparatus shown, 
figure 11, the nuclei from the Wulff’s bottle were passed through a hot tube, there- 
after cooled down in a spiral of lead tubing surrounded by crushed ice, then 
discharged into the color tube C. On examination the hot metallic tube showed a 
violet-opaque, the cold tube a blue-gray color when the dust was discharged into 
the color tube, indicating more dust in the first instance. After the removal of the 
phosphorus from the bottle no color was observed, proving the tube to have been 
clean at the given temperature. The red-hot metallic tube gave a blue color, 
however. 

9.—Clean hot copper surfaces removed out of the reducing flame darkened the 
tube instantaneously, while the oxide coats were forming, As I failed to get the 
same result with iron, it is probable that ions were carried out of the flame in 
temporary combination with the metal. Sodium (oxidizing) is without effect. 

10.—I[f air is aspirated through ammonium polysulphide considerable pressure 
is needed to produce a colored field. It colors markedly while the liquid is evapo- 
rating from a wet stopper, for instance. Coal gas is itself but slightly charged with 
nuclei; if bubbled through the polysulphide, however, the latter becomes intensely 
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color producing, though opaques are rare, It is a striking feature of this experi- 
ment, that the air of a room when tested with the color tube remains permanently 
fouled for hours afterwards. In all these instances an unstable sulphur compound 
is apparently preserved from oxidation, and this nucleus is permanently present in 
coal gas. 

11.—It is well to note that such volatile chemicals as camphor, camphor mono- 
bromide, naphthalene, benzoic acid, phenol, toluol, amylbenzoate, diphenylamine, 
ete., like sal ammoniac, produce no color effect unless they are charred. Some of 
these are electrolytes. With ammonic chloride it is even possible to clear the blue 
field due to phosphorus, by passing its emanation with a definite amount of the 
smoke of the former into the color tube. The phosphorus nuclei seem thus to be 
absorbed by the particles of sal ammoniac and the condensation effect of the 
former is destroyed. ‘This result seems to me to be of considerable importance. 

If coal gas is passed through the phosphorus tube, figure 94, the field is all 
but cleared after an initial puff of color. There is, however, a residual faint tint 
due to the coal gas alone. The phosphorus at once becomes active again when air 
is blown through the tube. 

12. Llectrical ionizers.—The prime conductor of a Holtz machine placed near 
the mouth of the color tube is without effect. When a needle is added, however, 
the coloration becomes intense. Hence the brush or glow is a powerful dust pro- 
ducer. Air passed through the cylindrical shell of a tubular condenser is not active 
without sparks. If the air is dust laden it is not appreciably affected by the 
condenser. 

A gauze condenser surmounting the color tube C, as in figure 12, shows intense 
action corresponding to the continual leakage. If enclosed by a close-fitting glass 
jacket, D D, figure 13, its effectiveness is nearly destroyed, probably because the leak- 
age runs down the glass or the lines of force terminate init. In these experiments 
a spark at the machine clears the field completely, so that the color surges with the 
potential. If the upper condenser plate is a spiral brush of fine wire gauze, S, 
figure 14, the color effect continues for a distance of even 20 centimeters between 
the plates, the machine now giving one-inch sparks. Similarly 4 inch sparks on the 
machine give like color results for } inch distances between the plates. 

More effective than a narrow jacket is a wide bell jar, as shown in figure 15. 
Here 4 inch sparks on the machine darken the field when the condenser plates are 
20 or even 30 centimeters apart. Reversal of polarity showed no definite results, 
Darkness now continues during sparking at the machine, and it takes about 30 
seconds to empty the vessel after the electric machine is switched out. Here and 
elsewhere a maximum darkening effect seems to correspond to a definite spark 
length. Very high potentials probably develop brushes along the electric condue- 
tors, as the presence of an electric wind not playing into the tube C, clears the field. 

13. — The electric duster is further increased in efficiency by the spiral brush 
Sand radial condenser arrangement of figure 16. In the dark the influx into the 
color tube C passes through the radial glow and becomes a tremendously strong 
dust producer, even with small sparks on the machine, 
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This arrangement loses but little of its activity when the brush S is enclosed 
in a glass bottle, B, figure 17, where the well-insulated terminals are sealed in 
place by a plug of paraftine. The whole is placed within the wide vessel A, with 
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Fics. 16, 17.—COMPLETED ELECTRICAL IONIZERS. ScALE 4, Fic. 18. —X-Ray IONIZER. SCALE 7p. FIG. 19. 
APPARATUS FOR TESTING THE PERSISTENCE OF NUCLEI. SCALE 1, Fic. 20.—LoneG TuBEs (60 FEET), FOR TEST- 
ING PERSISTENCE. SCALE jy. Fic. 21.—ULTRA-VIOLET IONIZER. SCALE 4. 


an external condenser surface added and put to earth. The neck of A dips into 
the influx pipe C of the color tube. In the dark, radial streamers of great beauty 
pass between the vessels, A and B. All brushes are within the outer vessel 
and the effect is not changed by a coating of paraffine, the glass being 3-4 millims. 


thick. 
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l4. Mray ‘onizers.—This experiment suggested the efficient method of 
adjusting an X-ray duster, as the X-ray tube did not easily react on the naked jet. 
The plan, in other words, is to ionize the air within a spacious bell jar, by X-light, 
and then to carry the nuclei so produced into the color tube C by convection. 
In figure 18 (drawn to a smaller scale), B is the X-ray tube (Bowdoin pattern), 
enclosed in a cylindrical box of tin plate, D, with a removable lid, H and an 
aluminum window at A/. The terminals ff are enclosed in glass tubes filled with 
paraffine, and their exposed ends 52 inches apart to avoid brush action on the 
color tube C. The tube radiates through the window into the bell jar A, and 
may even be placed over 18 inches above its mouth. The action of this dust pro- 
ducer is intense, and the field opaque when the current passes. Phosphorus placed 
within the cylinder / is quite ineffective, showing that no direct leakage occurs 
out of it. The usual experiments may be made. A tin plate screen between the 
window and jar cuts off all rays, an aluminum screen almost none. The steam 
pressure of the jet may be reduced until steam just passes. 

15. Persistence of nuclei—The same method may be modified to test the 
persistence of nuclei, particularly in the case of phosphorus. The apparatus is 
shown in figure 19, consisting of the large bell jar, A, closed loosely by the lid B, 
so as to admit of a circulation through the jar when the cotton plug D is 
removed. The contents then discharge into the color tube GP is the globule 
of phosphorus on a wire stem, which, like the plug, can be inserted into A and 
withdrawn easily through stoppered tubulures in the lid. 

With the valve open and P in place, the field is always opaque, a test which 
was made throughout the experiments. The following results indicate the 
coloring power of the contents of the jar at different times after the phosphorus 
was suddenly removed. Removal of the lid showed a blue color lasting fifteen 
seconds. 





Time after removing. Color in tube. Duration (time to empty the vessel). 
15 sec. opaque. 10 sec, 
30 “ dark blue-gray blue. 10; 
60 “ smoky brown. 

Zo opaque-blue. TS hae 
60° * smoky blue-gray. Lol | 
T20% 20 flash of darkness. 

180 “ \ gray-green flash when 

180 “ (lid wadded). i lid is removed. — 
20" opaque to blue. 

180 “ flash of darkness. 


These data show that even after three minutes enough dust is left to make an 
impression on the color tube C. The apparent decay, however, is marked, and 
even during the time taken in emptying the vessel (10-15 sec.), the attenuation is 
apparent. Colors so produced, moreover, are not clear, 

16. Co-efficient of decay.—Taken in connection with the results of the next 
chapter, the present experiments admit of a preliminary estimate bearing on the 
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size of the particles. Let 1 be the number per cubic centimeter. Then the rate 
of decay is —(dn/dt)=k'n?, where & is a constant. Hence 1/ng—1/n,=W 
(t,—t,), for any two given observations. Now if the number of particles 
entering the color tube per second is V, and V the inflowing volume of gas per 
second carrying them, V=Vn. At the two times of observation therefore, 
ijn, =V/N, and i/n,=V/N,. Hence, V G/N, —1/N,) = @, —1,). 
The colors seen in the color tube at the times ¢, and ¢, correspond by the next 
chapter to different volumes, V, and J’,, of similarly dusted air, per second. 
Thus if V be the number of dust particles here and ” the common concentration 
of each of the two volumes specified, V, = V,n and V, = V.n, where NV, and V, 
must have the same value as above. Hence (V/n) (1/V, —1/V,) =#' @,—1,). 
Here V, the convection volume flowing out of the vessel per second, may be 
estimated from the time taken to empty it, or otherwise determined. Thus, 
t—( Vi Ve V/V) fh ty —t,). Supposing that %’ were known from other 
sources, the value of 2 would follow, this being the number of particles per cubic 
centimeter for nearly saturated air; or vice versa. The following is a rough 
measurement. 

The equation may be put in the form, 4'n? /ny=(V/V,—V/V,)/(¢,—+,), 
which states the number decaying per cubic centim., per second relatively to the 
total number present. 

The only datum of the preceding table available here is marked by a bracket. 
Hence, 


Zot OONSEG- opaque-blue. 
(a = Royston blue-gray. 


The volume of the bell jar was 2690 cubic centims. The time to empty it 
is 10-15 seconds, by the table. Hence, V = 210 cub. em. / sec. = 12.6 liters / 
min. In the next chapter the data are roughly for 





blue-opaque, 2, lits/ming = 
blue-gray, 77 its maui) nfo 
Thus 2/2 /n, = (18 — 6.3) / 30 = «4, that is ;4; of the ions per cubie centim. 


mutually destroy each other per second, in the saturated region. if eo 04 
ki = .000010. 

These results are naturally uncertain from the character of the measurements, 
which in the above table are mere estimates. So also the times of emptying the 
vessel are not sharp values. The experiment is chiefly interesting from a theoretical 
point of view but does not lend itself for accurate measurement. Apart from this 
it will be argued in Chapter II e¢ seg. that &’ may be ignored if each ion is endowed 
with a velocity & of its own. In such a case the loss of ions results from their 
absorption at the walls of the bell jar. In other words, ions wander out of the 
interior of the jar in all directions to eventually impinge on the walls where they 
are destroyed. It is in this sense that I understand the action of cotton and other 
filters, these being a means of increasing the absorbing surface enormously. 

17. Persistence of nuclei in long tubes. — Experiments with a similar bearing 
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may be made by passing dust-laden air through considerable lengths of wide 
tubing. Drain pipe made of tin plate is admirable for this purpose, one end being 
left open and the other joining the color tube. This is shown in figure 20, at D, if 
the vessel A is removed. Stoppered holes, p, at different distances apart admit 
the phosphorus particle. The following results were found with tubes 2 inches 
in diameter and as much as 60 feet long. The draft in the influx tube being 
actuated by the jet depends on the steam pressure. It may be reduced by opening 
the bottom of the tube C. The first series of values were found with a pellicle of 
phosphorus placed in the tube at different distances, D, from the jet. 


Lower window of 


Distance from jet. Color. Jet pressure. color tube. 
54 feet green. 6 cm. } open. 
48 opaque-blue Cnae 4 
358 opaque. (Oimes 
54 “ blue-gray. Se 4 “ 
Aotee blue-violet. Btn ae 
2 Swaes just opaque. aye ee 
Sa blue-gray. 3:5°cm. Removed. 
Ae a blue. . 2 
398 blue. rs " 

Ga opaque. ss * 


The persistence of dust nuclei is thus again a question of minutes, for in the 
time of transfer through these long tubes at the slowest velocities obtainable (lower 
window of color tube opened for this reason), the color effect still survives, though 
with diminished vigor. 

The work was afterwards repeated, with extremely small steam pressures but 
relatively wide jets (4 inch), introducing an abundant flow of steam nearly at 
atmospheric pressure. The time of passage through the tubes and the duration of 
the color due to an instantaneous introduction of the phosphorus pellicle at the far 
end were also noted. Mixture and diffusion occur during the passage. The tube 
lengths were 54 to 60 feet. 


(1) Flash at far end lasts ro seconds at near end. 
(2) Time of passage. Color. 
30 sec, Not changed perceptibly. 
60 sec. Darkness (opaque field) intense. 
40-70 sec., diam. jet .45 cm. Phosphorus inserted in far end a few seconds 
60-90 sec., diam. jet .75 cm. ( only. Effect prolonged at near end as shown. 


Thus the increased supply of low-pressure steam (wide jet) has much enhanced the 
sensitiveness of the apparatus, though color, as such, no longer appears. The time 
of passage obtained in this way (90 seconds in the maximum) is below that of the 
preceding experiments with bell jars. The gradual lengthening of the dust-laden 
column of air is due to the eddying mixture in passage. 

18. Persistence of Xray nncles in long tubes.— With the Pacer of the 
vessel A, figure 20, and the adjustment of figure 18, the former arrangement was 
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used to test the persistence of X-ray dust in the pipes DY. The results are as 
follows, the time of transfer being found by the phosphorus pellicle. 


LZ, Tube length. Color, Time of transfer. 
15 feet. Blue field (Z = 0) cleared to green. —- 
Sian ys, % “ “ yel,-green. 15 Sec. 
54 oe “ “cc “ce “ ee “ 20 ray 


The jet being of the usual pattern, it will be seen that dust due to phosphorus 
and to the X-rays is about equally persistent, being supposedly of the same nature 
in both instances, namely, ionized air. The dusting activity of phosphorus is here 
far stronger, however, as the colors show. 

19. Differential experiments with long tubes.— A few tests with the differ- 
ential apparatus, figures 2 and 4, may here be referred to, the connecting pipe, /), 
being about 50 feet long. If the near tube, (1) or A, is opaque (steam at high 
pressure), the far tube, (II) or A’, shows a gray field not quite opaque. The dust 
producer (/), active in (1), will not be soin (I). IH the latter be supplied with its 
own jet, phosphorus will again color the field. If the tube length is 34 feet the 
result is not materially changed. For 14 feet of tube length both become opaque, 
but no color is seen in (IL), only a less degree of darkness. For 5 feet of tube 
length, the colors are the same in both apparatus, but muddy and dull in the 
second. Yellow brown in (I) becomes opaque in (II). No congested tube will 
produce the yellows of the first order, nor any colors brilliantly. The distribution 
of particles has become irregular as to size. A stimulated draft would be needed. 

20. Ultraviolet ionizers. — Results with ultraviolet light failed in all instances 
except with the wide vessel, which was not tried. Sparks of a Holtz machine 
screened by a quartz window showed no darkening of the tube, wherever applied. 
The sparking apparatus is given in figure 21, the terminals being of zine and the 
window, a, of quartz. 


CHAPTER II. 


THE COLORS OF THE STEAM JET, AS RELATED TO THE NUMBER OF NUCLEI IN REACTION. 





1. Preliminary.—After these preliminary experiments on the efficiency of 
the jet, it seemed advisable to make a first attempt to find the relation of the color 
of the cloudy condensation to the degree of saturation of the ionized air producing 
it. Qualitative experiments for this purpose are easily devised, but in the absence 
of direct knowledge of the nature of the condensational activity of phosphorus, 
and of the behavior of the steam jet in relation thereto, interpretation is necessarily 
difficult. Thus, for example, if the air currents passing over phosphorus are either 
too swift or too slow they both give a colorless field, as has already been instanced. 
If the temperature is too low or too high, similar results appear: whether the 
condensation is due to nuclei or to chemical or electrical reactions is not definitely 
disposed of; ete. 

2. Apparatus.—The apparatus used in this work is given in figure 1. Cis 
the color tube provided with a lateral elbow, C’, open above and either side about 
18 inches long. Into the top of this dips the phosphorus tube P, so that the 
charged efflux may be carried down by the current in C’. P has the usual form 
as given in Chapter I, figure 94, above. It is about 1 em. in diameter and 20 em. 
long, and contains phosphorus strips stretched along the axis. A definite volume 
of air per second is passed through P by aid of the aspirator train V, IZ Visa 
large flask of 8 litres capacity, graduated on the side S Water is added from or 
removed to the bucket J/, which can be raised or lowered by the pulley p. The 
air from V passes the stop-cock #, a pin valve of fine workmanship, and by 
opening this more or less the color in C’can be regulated toa nicety. A dessicator, 
DP, removes superfluous moisture. I did not find this appurtenance essential, 
though it clearly must prolong the life of the ionizer in P. In this respect alone, 
moreover, it is unadvisable to draw the air backward, through the phosphorus 
tube, into V. 

A seconds watch was at hand to measure the rate of influx 6f water into the 
volumeter V, and therefore the rate of efflux of air out of V, through P, into C’ 
and €. ‘The elbow was supposed to insure mixture. 

This original apparatus has an obvious error in design, since the pressure of 
the air in V varies as J/ is more or less raised above the water level in V. Air 
is at first introduced at slightly higher pressure and relatively greater volume than 
at the end of the experiment. The effect on the color of the tube was not marked, 
but it was thought best to obviate it as follows. Retaining V with the new cock 
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at b (not shown) leading to the phosphorus train as above, the influx canal of V 
was modified by the addition of a lateral tube, h, with the wide stop-cock at ¢c, and 
asmall one at d communicating with the outside air. The bucket was replaced by 
an enormous Mariotte flask, JZ, of copper, having the tube if, within and an outlet 
at g, jomned by half-inch rubber hose toc. The pulley at p is in action as before. 
When the apparatus is in operation, the water pressure on V is equivalent to the 
difference of level between d and 7. Hence the head is constant, ¢ and d being 
closed during influx. The gauge U, measures variations of this pressure. At the 
end of the experiment, ¢ and d are opened and JM lowered, insuring rapid flow 
when the stopper or valve at v is removed. 


























Fic. 1.—GASOMETER TRAIN AND CoLor TUBE, SCALE ji. Fic, 2.—INFLUX PIPE WITH IONIZERS IN 
MULTIPLE. SCALE }. 


In figure 2, three phosphorus tubes are used at once for purposes to be 
explained below. 

3. Results-—In making the observations, it was customary to observe the 
thermometer 7’ for the temperature 0, and the steam gauge for the pressure, p, at 
the jet. The volume J, of air flowing per minute out of the gasometer, was next 
taken when the given color stated was clearly seen throughout the dust discharge 
into GO’. All these results are given in the following table 1, where the volume 
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per minute necessary to produce the full blue of the first order is put equal to one 
unit. The volume ratio for all the other colors is then the equivalent, in the same 
scale, of the numbers of particles necessary to produce them, provided that the air 
passing through the phosphorus ionizer is discharged in the same state of saturation, 
and there is no other variation of the steam jet and color tube during the experiment. 
The table also gives the volume in litres per minute in case of each standard blue 
taken. As this datum is on the average of the order of .5 liters /min., the 
tabulated volumes V are in a general way about twice the absolute mean volumes. 
The use of the standard blue for reference is unavoidable, so long as the precise 
conditions under which phosphorus emanates are not understood. 

The reciprocal of the volume ratio V will vary as the bulk of the steam 
globule produced, supposing that the supersaturation which precedes condensation 
has remained constant. Thus there must be no change in the pressure of the 
steam jet or in the temperature of its environment. The cube root of the reciprocal 
of the volume ratio might then be called the diameter of the particle. It will be 
shown below, however, that variations of 6 and p are not of the importance 
which one would attach to them at the outset. 

The table consists of 4 parts of which the first is preliminary, the second at a 
relatively high room temperature, promoting the occurrence of the browns of the 
first order but giving very faint tints of the second order. The third part at 
relatively low room temperature (4) favors the second order of colors but termi- 
nates in opaque of the first order. In the fourth part the air was taken from the 
outside of the room and warmed in the steam drum. The last part is incidental. 


TaBiE I. 


Each part of this table contains successive series of data obtained on different 
days, as arule. In all there are 23 series. 


TABLE I, PART I, PRELIMINARY.—COLOR AND RELATIVE NUMBER OF PAR- 
TICLES. BLUE = “1.” RELATIVE BULK AND DIAMETER. 























Volume | 
Color. | Ratio, | Bulk. Diameter. | p- 6. Series No. 
Number. | } 

— — —————EE —__—_____— | — _ | | 
Dark ‘Violet. 425.05. jsig00' 2720 || 367 Wize n\n emer 23° I 
Blue coro ced sacts cae | .98 | .02 I.0o =| 10 23 
Blue-Greenogii-3.0< sous 52 1.92 1.24 | 10 23 
Yellow-Greenys :...sicescos 26 | 3.85 Love wipe ue 23 
Violet=Blue cena nes no stews 1.66 6.02 .84 | 9:5 23 
Bluie- Greene ere m.0 + wise te .84 1.19 1.06 9 23 | 
Opaque-Violet......).).../.2%. | 2.02 .50 79 | 9 24 
Blue-Green <0 ic = eres tees 62 1.61 TL, | 9 24 | 
Opaques.s\..02% ss cesta 2.32 43 .76 7 24 2 
BRUM io,25' 05 ein wren Re re) 1.0 1.0 6.5 24 
Green § se jsn 6 sonnets 72 1.39 TeLk 6.5 24 
Vellow-Green’........5.< neal 44 2.27 1.32 6.5 24 
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PART 1.—Continued. 






























































Volume | | 
Color. Ratio, Bulk. | Diameter. p. 6. Series No. 
Number. | 
= | — 
MD areaMVslo Le teeny ue stayenstetayale 1.40 ie .89 7.5 cm 25° | 3 
TIME) sco ce go cemosanonon 86 1.16 1.05 7.0 
Green-Yellow............. .29 3-45 1.51 AS 
Palepburple se sccm <1: “ls LIL | g.10 2.09 | 8.0 | 
(Greene ett Seite) == 60 | TO7 | 1.19 HAS 
Be rryen acct etet oteneceke or cier i 1.00 | 1.00 1.00 6| 6.0 
Danka Wioletay cee acc ance 1 7Oua 59 84 — 
PallesPnplemer seer mcs =n: 29° | 3-45 T.51 4.0 
1 4 = 
Nioletap lies rereriscie 1 1.30 Ty .92 7.5 cm. 25° 4 
@Waquensaaas ster i= eel leeds 2.20 45 TT 7.5 
(Greene eee cee xsi aifaccr 54 mee 1.20 8.0 
Pale Iie aeeoobace soce 14 7.10 1.92 8.1 | 
. | 
allem Extn Giereestedeicr s/shaten ersten 25 4.00 1.59 I.5 cm. 24° 5 
allem Viell © waleacr-neueneloreten mars aoa 3.03 1.45 1.0 
Biwes Green <qeceuretieiyate 67 1.49 1.14 1.0 
ar keaVO etait tet acne 1.30 a | 92 1.0 
(OjORKCNIS oni So ounce yaaa 100.) || hoo 85 1.0 
Raleganplermcrriet sect 25 | 4.00 | 1.59 | 1.5 cm. 26° 6 
Mellow-Greenl=.3. 2-6. - 37 (| 2.70 3, ON |aueee 5 
Blwe=Greentscjcier se jeter esi cy 38 1.10 1.5 
JDeid WAGES Shon 5 oeuecone 1.40 eral eSgp ibe ras 
OPAGUE ocoosctaabodougee 2.50 .40 ye dares 
Ral EVID e emvrenede ster teres B25 4.00 1.59 15 
RalemViellOneectsteriterte er 150 2,00 1.26 Tia 
Blwe=Greenieac.cisterrere craic 62 1.60 | 1.17 Tes 
Way ke lve yates seoretoreyise-rel= 1.00 1.00 | 1.00 1.5 
DalnkeaVilOletywesnesiy sive ciets 1.60 62 | 85 125 
PART II.—COLORS AT RELATIVELY HIGH TEMPERATURES. 
| 
Mellow= Greenest eri Soe 43 2.35 1.32 | 2.5 cm. 28° 7 
Blivel (240.1 a) ayes ee ote 1.00 1.00 1.00 e ne 
Wi let sits ey Ae nc eriaas 1.60 62 85 = 5 
Yellow (muddy).......... 9.00 Pr 48) =| i as 
Wellow-Greenl (cn. - er a3 2.86 1.42 355 29° zs 
Blwe=Green\ saacies an «es 54 1.85 1.23 
VE (GSO eatin. ode 1.00 1.00 1.00 2 i 
VALOIS tie peya Sevelek cdereoretes cles 1.90 “53 81 = + 
Yellow (muddy)......... 8.10 | 12 .49 rs 7 
Dall emViellOw/maerertste.-) tens soy 3.70 TSG) 4.0 cm, 29° 8 
Wellow=Green anes. on - .36 2.78 1.41 i % 
BlwerGreenw eeoneis seer aor 3-70 1.55 4.5 cm, 5 
Ble (@46i—)) ln amie: 1.20 1.00 1.00 = me 
Witollotiys seals sean arene 1.40 71 .89 s a 
Wiolet-Opaque cee. 4 - 2.25 .45 .76 = * 
Yellow-Opaque .......... 4.25 24 62 se | ‘a | 


20 EXPERIMENTS WITH IONIZED AIR. 


PART II.—Continued. 





Volume 























Color. | Ratio, Bulk. Diameter. p- on : Series No. 
| Number. 
Faint Purple-Yellow. see ad 122 4.54 . 1,66 4.0 cm, 29° 9 
Green-Yellow ..........-. 45 2.22 30 e ie a 
Blue-Green ..... ........ 55 1,82 1.22 4 a 
Blue (.40 == TY) esa wes 1.00 1.00 1.00 | - : 
Violet 73)... Ake ieee 1.60 .62 .85 5 - 
Opaque-Violet ........... 2.25 .44 .76 ~ e 
Vellow-.acec\iad. eee 8.75 arr .49 ¢ s 
Blue-Greeny. ssiiss sins cteee .50 2,00 1.26 i ". 
Green-Yellow......... eae 27 3-70 1.55 2.5 cm, ie 10 
Blue (55 == '1). twee 1.00 1.00 1.00 : ns 
Opaque-Violet ........... 1.85 54 81 ¥ is 
Opaque-Yellow .......... 3-45 £29 66 . i 
Green saetapan Seon eee | 44 2,27 1.32 “e 
Yellow-Greens. <isis,. 632 10 : -44 2.27 rst 4.5 cm. | 29° It 
Blue-Green %..;..24520nece 44 2.27 1.31 i = 
Blue | (s45/='— 1) .s6 00s vas .89 1.12 1.04 a a 
Violet. o1.5 shctde etree 1.55 65 87 S 
Dark Blue Ac acecue ester 1.07 .93 .98 = . 
Yellow-Opaque .......... 4.60 .22 .60 ss 
Blute"(.50, = = 1) agua sows -94 1.06 1.02 8 cm. 30° 12 
Violet s.2csif eee e 1.90 53 81 9 2 
Opaque-Yellow .......... 4.00 .25 63 8 - 
Yellow-White ............ 10.50 .09 .45 7 ie 
Green yea... sia cinro aetiaes 56 1.79 1.21 4cm. 29° 13 
Blue? (45(s1— 2) eee eee nero 9! 97 “ « 
AOC Taos ss cra fearstsiohereyete ete 1.38 72 .go a i 
Mellow accansstocseecees 8.40 an2 .50 3 2 
Purple-Yellow 3... << 0%. 20 5.00 70 7 cm. 29° 14 
Blue-Green ............:: 80 1.25 1.08 7 
Dark Bluei. 1. s.iie eee 1.10 .gt .97 5-5 os 
Opaque-Violet ........... 1.90 153 81 5 ts 
Blue: (.50:=== 1). nsa21010 1.00 1,00 1.00 5 
Wiolebacwcsse bac thaepen 2.20 -45 ieee - 
PART III.—LOWER ROOM TEMPERATURES. 
Faint Purple . Js ot OnE “13 7.69 1.97 9 cm. 21° 15 
Green-Yellow............ .40 2.50 1.36 ss ss 
Blue-Green ......... Sic .86 1.16 1.05 ia 7 
Dark Blue. 2.2 .<oeute sce 1.20 83 .94 So 
Dark® Violet. :1<.c<asete teres 1.47 .68 .88 i 
Paint-Purplegescs.. sane | 58 1.72 1.20 6 cm. 21° 16 
Yellow-Green.,........... 86 1.16 1.05 a cs 
Blue-Green ..... ......-- | T.00 1.00 1,00 s os 
Blue-Violetcc. cee ce ee | 1.30 77 .92 _ a 
Opaque’... cameeteces | 1.43 .70 89 : s 
Blue-Violety 05.0% acme ose 1.30 ei .g2 6.5 21.5 
Blue (.35 = = 1)i- ec ees | 1.00 1.00 1.00 ‘ ic 
Blue-Green: «2 7aageeussces .86 1.16 1.05 BS i 
Purple-VYellow ..ite-avsws +: 43 2.33 T.33 6 22 
Pale Violefosiewso2 soto 34 2.94 1.43 x v | 


Dark: Blue’. «cine wees 1,10 gt 97 
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PART II1.—Continned. 
Volume | 
Color. Ratio, Bulk. Diameter. p. 6. Series No. 
Number. 
Balemvaoletincneyyatci ctl. 34 2.94 1.43 5 cm. 22° | 17 
Vellow-Punples. ac... -2.. - | .48 2.08 1.28 st m 
Wellow= Greentree 60 1.67 Tarouee| Ss a 
Blwehrersckere sess ator leis. | 87 Tens 1.05 of S 
Darke VAOLCE rarcwraraee toto lerers Te 2i7 79 .g2 = e 
Biveng 3) — 10) essere « T.00 1.00 1.00 “ ss 
Blire=Grayyaeraeterers =) cers set.) = 1.00 I.00 1.00 oa 
IBIWes Gre enieepreysterevereist ses) 61 74 1.35 1.11 = is 
Rambaviellow ser ames os.) nae 1.89 2 a a 
HamitePurple yes eic ts .42 2.38 138 % 
Bale Wi Ole tis acto cers seer 32 3.12 1.40 is s 
Whitish Indigo............ 19 5220" | 1.74 i cs 
aint ye np] leery ie seiagere = .40 2.50 1.36 cm. 24° 18 
Yellow-Green ........ .50 2.00 1.26 i 7 
BhwWelreryc cr ateirsiseeicins ses go I.1I 104) |e 4: TG 
. | oe 
Wioletice teeta ne ccs ote «0s 1.30 eae g2 | 4.5 
BIW ENG Oy 0 inte ieee | 1.00 1.00 T.00 4 Sa 
Billwe=Grayiere ecco ess 70 1.43 113 5 5 
pales Vellows re pemienacian cei. .40 2.50 1.36 Bay 
aintebumpleleayss stares ss, - .20 5-00 1.71 5 ri 
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Bain ber ple setters) ete ay 45 POs T.30 4cm, 19.5 19 
Greenire eiytuaeiae ae eee 70 1.43 raw is a 

BIWes (OO aT) valet sts 1.00 T.00 1.00 s . 

Harn Rtnple seer cusses: 47 2513) 1.29 5 cm. 18.5° 
Burple=Yellow S27... .usc. +: 47 2503 1.29 4.5 ie 

Vell water Ghecties sever ites 59 1.69 1.19 pe 
Vellow-Green «......--.-- 67 1.49 1.14 4 - 

Blies Giceenigetstetmetsrs heer .80 ie 1.08 

lTOK( 75 = W))soou cade 1.07 .93 .98 i # 

Viole bets ath. nage watlersie.s 1.60 62 .85 P 5 

BCP srepoke aay ousse opsvals sickees 94 1.06 1.02 3 18 

Green esrreisgaetensiereshciies aL 1.41 TaleZ | ey es 

Bambee Mellow. ere.-taicte oii - 55 1.82 Te22y | se e2s5ncm ASE 20 
Greent ycieers co esi om a Heres 83 1.20 1.06 _ 3 

Bien (c6oy—1— T))s.2, a arencr « | 1,00 1.00 TOON | - o 

VILOLEE Pyrrcarenicnche eye ot woene 33 vais gl | a iz 

IBluetysh etre sececcae 6 1.00 I,00 TROON ae 25 

GreeDt Hence sine les sce: 67 1.49 range a. | oa ye 

Hain tebunpl eter ents eo: .50 2.00 26h) Fhe i 

Faint Purple-Yellow...... 29 3-45 TAS tl Obs ecm 26.5" 21 
Green-Yellow ..........:- 43 2.33 133) | ie ‘ 
Blives(Greeniy se eeerio siesta! 76 1.32 Tora - 25 

BIEN C7 Ope SU) ices: ops. 5 — iam 

Wiolet-Blucansasee cen se 1.2 Ta .g2 . a 
@paque-Violet ............ 1.57 (67a 86 a s 
@paque-Vellowae...2-- 1 - 4.40 23 62 ps a 
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PART IV.—SUPPLEMENTARY DATA. 




















Color. sare Bulk. “Tie Diameter. p- 6. Series No. 
- ; — = z 
Pale Violet-; 2% +002 g.a«itsee 24 4.17 1.61 5 cm. 24° 22 
Yellow «005 sc yyeie sic vere dies 52 1.92 1.24 
(STCOD co ave wers aii'eke states aa tote 2 1.92 1.24 
Light Blite gic/2 versie ees .80 1.25 1.08 
Dark Blue (.50£ = 1)..... 1.00 1.00 1.00 
Widlet oisiveiejaeagleslertareiats 1.60 62 85 
OPAague ieee cisteeiee orotate 2.80 36 a7 
Pale Violet sat. niacin ee | .30 3:33 1.49 5 cm. 29°: 23 
Green-Yellow o..<s7.0/,2ate0 39 2.56 1.37 
Blue-Green: ... << ct.ctiejdare s -40 2.50 1.36 
Light Blue Se teivssyosoretalelel oes 65 1.54 1.15 
Blue (:57 ==) .cccsssees 1.00 T.00 1.00 
Violet iscsi is njcctteirerttertes Te27, 79 -93 
Dark Violet. socjtcuters oe 1.46 | 68 .88 
Dull Yellows 25.4 yeateerateree 4.75 2 78F le bo ee .60 





4, Results Charted.—Some of these data are given in the accompanying 
charts, figures 3 and 4, and the attempt is made to distinguish the different series 
by different forms of dots. Part 2, made under the most favorable conditions and 
giving the best results, is marked by full dots; part 3 by open dots. 

In the construction of these data, the volumes per minute (on the average 
about twice the actual number of liters/min.) of saturated phosphorus emanation 
are made the ordinates, corresponding to the colors given by the abscissas. To 
have a scale in the latter case I took the thickness d, of air plates giving, on 
normal incidence and transmitted light, the identical color in case of Newton’s in- 
terferences. In figure 3 the data are on a large scale, but reach only as far as 
opaque. In figure 4 the whole curve and remaining data are constructed on a 
smaller scale, Z/m, denoting liters per minute. The two curves of figure 3 refer 
respectively to lower and higher temperatures 4, or to the 2d and 38d parts of table I. 
The latter is decidedly the better, showing some definiteness of a locus, quasi-hy per- 
bolic in character. The low-temperature data are diffuse, due, I think, to the 
weak and variable ionizing activity of phosphorus at low temperatures. During 
the long period of observation there must have been some corrosion of the jet. 
This is probably one of the chief reasons why the dust contents (lit./min.), corre- 
sponding to the standard blue, vary. In the second place, the air of the room 
does not retain a fixed degree of purity. 

5. Discussion—In consulting these charts for practical purposes, curves ob- 
tained in joing points of the same kind should alone be used, as the reasons for 
the differences between the series are naturally very complicated. In spite of all 
eare bestowed on the observations, they are insufficient to suggest the form of locus 
with certainty. Their usefulness will therefore be confined to testing the theory 
of the phenomenon when such a theory is forthcoming. Ina general way the locus, 
beginning with opaque and extending toward the right into the fainter second 
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order of colors, is horizontally asymptotic with its concavity upward. Toward the 
left of opaque the browns of the first order make a very rapid ascent, suggesting 
a vertical asymptote. If one is led to infer that the latter are due to the scatter- 


ing of fine particles set forth in Rayleigh’s dynamics of the blue sky, whereas the 
others are diffractions or interferences (Clansius) of the more nearly regular 
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Fics. 3, 4.—CHARTS SHOWING THE RELATION OF THE RELATIVE NUMBER OF PARTICLES (Dust CONTENTS) 
TO THE COLOR PRODUCED, EXPRESSED IN THICKNESSES (AIR) OF NEWTON’S INTERFERENCE PLATES. 


kind (é. ¢., cases where the particles or vesicles are large enough to be subject to 
the ordinary optical laws), the continuity of curve from either side of opaque is 
baffling. 

There is further difficulty in making a comparison of the data as a whole, 
seeing that one arbitrary element must enter the work even if the jet action and the 
ionizing intensity of the phosphorus remain constant; for the velocity of the cur- 
vent of air entering the color tube at C’ for a given jet, varies with the form and 
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dimensions (resistance to flow) of the influx tube. The dust density which actually 
reaches the jet is determined by a ratio of the volume of the air inflowing at C’, and 
due to the action of the steam jet, and the volume of the charged air inflowing from 
2, determined by the pressure of the aspirator. In this respect also must the appa- 
ratus be left unaltered if the data are to be comparable. Hence, when the air is 
taken from without the room in winter, the rush of air through the color tube 
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Fic. 5,—CHART SHOWING MARGINS OF THE OPAQUE FIELD IN TERMS OF AIR TEMPERATURE AND STEAM 
PRESSURE, FIG. 6,—CHART SHOWING MARGINS OF THE COLORED FIELDS IN TERMS OF TEMPERATURE AND 
PRESSURE. 


will be increased by the natural draught under which the air enters. As a result, 
the dust content is diluted, cat. par. This discrepancy is quite observable, and the 
colors show an uncertainty and flicker, due to bad mixture. Hence these results are 
disearded in the chart. Again, the difference between a warm and a colder room 
implies a difference in the ionizing activity of phosphorus. 

6. Color Margins and Distribution.—In endeavoring to find the effect of tem- 
perature and pressure on the distribution of color in question, the diagram worked 
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out in Chapter I. ($4) should be recalled, as shown in the foregoing figure 5. The 
pressure temperature locus, which determines the margin of the opaque zone, is here 
fully given, and it is probable that the colors must lie along parallel loci. In my 
earlier memoir I found the equation 6 = A 10 © P/(p-8)™ where A = 9, C= O13, 
m=.35, B=43, expressed the opaque margin pretty well, and this has been 
drawn in the diagram, is the height of the asymptote and (p—£) to be taken 
numerically. 

In the following table 2, I have added some special results for the position of 
the color curves in question, obtained from direct experiments made at different 
temperatures. These agree with the view stated pretty well, but are not as decisive 
as one would wish, possibly because the actual temperature at which the reaction 
takes place is not given by the thermometer. The peculiar feature is the distribu- 
tion of colors at 27°-28°, as seen in the chart, figure 6. All attempts to clear up 
these discrepancies have thus far failed. 


TABLE 2.—VARIATION OF COLOR WITH STEAM PRESSURE IN THE ABSENCE OF 
ARTIFICIAL DUST. 


























Color. | Pressure. | Color. | Pressure. Color. | Pressure. 
ee) | i 

Wellowaeecientstosts | 7ocm. |/White-Yellow...... LOO—95,CmM.||Opaqteren «cect 35 cm. 
Brown-Yellow...... 4o-50 ||Orange........... go-70 Mioletivasciieise ast 33 
Opaque rercivrrceere 40 BOA ieee «ese bes 65-609 ||| Bieri erenestereteret ct 30 
Wit Ol Gtaeysicntetenctn a ese—scn eI VAolet cca. a4. -i 3 55-50 ||Gray-Blue.... .... 27 
BTU eraeprectoriiers cress 30 IB luerrrereerr aries .| 50-40 Faint Yellow....... 25 
Blwe-Green.....- =... ae 2 ——||Paint, Purples.) 2520 
Faint Yellow....... | 15-20 || 30" — —~-—-—. —Y 
Bunpl euerssteleyeiee etalon 10 | 21° 
Vil OLEt Seieieies che: cigers | 
IWC ERR telotarcraiezelesere 
SF 

Temp. 27°-28° 











7. Liffect of Steam Pressure.—The following table 3 gives data bearing on the 
practical question as to how far pressure is to be kept constant in work like the 
present. The unlooked for independence of the color obtained, considered as sub- 
ject to the pressure actuating the steam jet, is very striking. Persistence of color 
throughout wide variations of pressure (much wider than are incident to the inves: 
tigations below) is the rule. The observation is capable of two explanations : 
either the influx of air keeps pace with the additional steam supplied by the jet 
when the pressure rises, or the color criterion is not a sensitive one, showing indis- 
tinguishable gradations for large variations of dust contents, ete. Probably both 
reasons apply. In the table Z/m denotes the number of liters per minute of air 
passed over phosphorus to produce the full blue in question. 
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TABLE 3.—DUST REQUIRED AT DIFFERENT PRESSURES TO PRODUCE A GIVEN 
COLOR (BLUE) AT A GIVEN TEMPERATURE, 21°. 








Color. Lim | Temp. | Pressure. Remarks. 

Blic..ce 3... ees Pee .45 21° 18cm. ) Field remains at about the same 
BWC) coin ovina Senet a ee .50 21° 18 cm. { color while pressure, at constant 
Blue..2.5 cies ota Nokar iS 5 5 cm. dust contents and temperature, 
Blue: cov caite vate tae se a or J varies from nearly zero to 25 cm. 
Blues ic Be pierre oats ois a Pee ocm. | Field remains blue from 30 cm. as 
Blvie reac tater Spat ants .. | 25 cm. far down in pressure as steam sup- 
Bl Wey). e.c.o5 asin ots ee Soe é | 3ocm. | ply is available. Depth of color 
Violet-Opaque......... sisters a 33 changes with quantity of steam. 





8. Liffect of Air Temperature-—Corresponding to the preceding experiments 
in which pressure is the only variable, a correlative series of experiments was made 
in which the temperature 6 of the inflowing air was alone permitted to change. 
For this purpose air was taken from without and heated in the steam drum J, 
figure 3, Chapter I. The results are summarized in the following tables, 4 and 5, and 
are remarkable inasmuch as no certain effect of temperature could be discerned 
within the limits employed. . 

These remarks, it will be seen on consulting the tables, refer to the colors 
of the first order, chiefly to the blues, and in this respect are in accord with the 
two curves in the chart, figure 3, which merge into each other in the blue region. 
For the colors of the second order, however, as the curve shows, the effect of 
temperature is not negligible. More dust is required, cet. par., at low temper- 
atures than at higher temperatures, a result which goes hand in hand with the 
presumably greater supersaturation at the lower temperatures of the inflowing 
air, 


TABLE 4.—DUST REQUIRED AT DIFFERENT TEMPERATURES TO PRODUCE A 
GIVEN COLOR (BLUE), AT THE GIVEN PRESSURE, 5 CM. 














l 
Color. | L/m. Temp. | Pressure. | Color. L|m. Temp. | Pressure. 
aor I : ; 

ee en ns 0 | 15 | 5.5cm. || ( Faint Indigo ..... .00 5 
| Blue-Opaque...... mc | yee Pires 15) (RAS righece Bp see .80 4 
( Faint Purple.......) .00 | 17° Dark Blues 1.00 v 
+ Dull Bluest .n3.. 2% 65 | || WiIMte ie cl emene 00 | 21 5 cm 
/ BlUGi. ccc: Jo | ata RG BlUGx fon. geen go % < 
{ Green-Yellow ..... oo | 16 5 ( Dark* Blue we rce 1,10 ve “i 
(Blue sneer: 65 9 \ White : 
§ Yellow-Green ..... 00 : 
( Blue ccuvtee sy eee | eeOs 

Faint Purple ...... | oo) 
Blue Weaken cet acct | .90 | 
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TABLE 5.—VARIATION OF COLOR WITH TEMPERATURE AT A GIVEN PRESSURE. 





Color. L/m. Pressure. |'Temperature. Remarks, 
| tp * ° 
IBIWe eee eters beet cewsecatice 6 23° Che blues remain blue from 15° to 
BluesVnolet faints.) s4|) 2.22. - 6 26° to 28°} 28°, as nearly as can be seen: above 
| they are bright, clear violet-like ; below 


Blue Gray (muddy)..) ... . 6 | 20° to 15° 

| (at low temperature) dull and grayish. 
At 15° the field is yellow-green without 
phosphorus dust.‘ Changes of tint 
occur at once with motion of the valves 
of the influx pipes. 


Blewett sacdacl| o.lekic 2 6 Dos Opaque condensation. 
Bluest verti ricce |b me cs 6 to 30° Colorless. 
The blue field persists through 15° 
to 30°, as above. 
BS emetic oierern || Maecionsio 4cm. 26° to 40° Color runs through dull blue, clear 


| blue, violet blue, colorless, as tempera- 
ture continually rises. Falling tempera- 
ture reverses the order. 
Bite tas aye te oe (hr werent 5.5.cm. | 26° to 35- Same results. 

attest al ba tieyses Opaque runs through smokiness to 
clear with increasing temperature, but 
it does not become violet or yellow. 
The results throughout are a mere 
blanching or a thickening of tint, with- 
out producing color differences availa- 
ble for discrimination. 

















1 At 15° change of pressure up to 6 cm. produced indigo, purple, yellow, yellow-green. 


9. Corroborative Method of Graduation.—I\ shall now describe a_ totally 
different method of graduating the color tube, already referred to in connection 
with figure 2 ($ 2). Here Cis the color tube with its jet 7, mirror m, and influx 
pipe C’. Instead of a single tube, two or more ionizers, P, P', P", are used simul- 
taneously, each of them being charged with phosphorus and controlled by the inde- 
pendent stop-cocks #) #’, Ff’, The air needed comes from the above gasometer 
train, and after passing through the desiccator ), branches into three independent 
currents. Obviously the air supply at 2? must be in excess. 

The method of using this apparatus is evident ; colors are compared by sum- 
mation and difference. Thus if the colors for each tube separately as well as for 
the tubes conjointly are known, and if one of the colors is defined in terms of the 
dust content needed to produce it (Blue=1 for instance), then as many equations 
may be obtained as there are colors. The method is thus very similar to the cor- 
rection of a set of weights, ete. 

In table 6 I have inserted a number of such results, p and 9, being the steam 
pressure and air temperature constant within the required limits. I have also 
added the data obtainable from the chart, figure 3, using the lower curve as this is 
the more definite. B denotes blue; G, green; V, violet; O, opaque; Y, yellow; 
Cr, crimson. 
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TABLE 6.—COLORS COMPARED IN RELATION TO DUST NEEDED, BY SUMMA- 
TION OR BY DIFFERENCE. 


No. of influx 





hae Color of each, Combined color, | From chart. p 4 
7 | 7 aa = = = | 
2 Green Violet B+ 10.7 | 23° 
2 Yellow Green BG 
2 Yellow Green BG 8.5 20 
2 Violet | Straw yellow Vis2 7.5 26 
3 Green } Blue + B+ 8.5 24 
2 Green Blue — B— 8.5 24 
3 Purple, u. Green G 8.5 24 
3 Blue — Violet V+ 8.5 24 
4 Yellow Blue = B 8.5 24 
Blue — 
3 Yellow Violet NA 
Green | 
3 Green | Blue + B+ 12.5 20 
2 Blue — | Violet V 13.0 21 
2 fae | t Violet Vv 7.0 21 
Green 
3 Blue — Opaque O 8.5 24 
Violet 
Green | / 
3 Green Opaque O 8.5 24 
Blue + | \ 
| 


The difficulty with this method, though beautiful in principal, is the large 
error introduced at each color discrimination. Thus in an equation with three 
tubes there will be four terms and four corresponding discrepancies for the colors. 
I did not, therefore, pursue the method further, merely noting its general 
agreement with the data of the chart, figure 3. 

10. Modified color tube—The color tube, as above used, has two grave 
disadvantages, inasmuch as in the first place the quantity of steam issuing at 
a given pressure cannot be easily varied, and in the second place, the manner in 
which the dust is brought into the jet is not easily understood. One is not sure 
that the whole of the dust is actually brought to bear in producing condensation 
when the charged air comes in contact with the jet from without, as at CC’, 
figure 1. Again the colors of higher order are best seen at relatively low 
temperatures and pressures, but require a large volume of steam if they are not 
to be too faint for recognition. First order colors require almost the opposite 
conditions, ete. Many of these desiderata are met in the following device, figure 
7, for axial influx, which has the further advantage of making the jet more easily 
accessible; for the saturation of colors, even of higher orders, is now such that 
the lower window and lateral influx pipe of the color tube, figure 1, Chapter I 
may be dispensed with. 

The jet, figure 7, is annular in patern, the bullet-shaped body, A, being 
a hollow conoid about 5 em. long and about .9 em. in diameter internally, provided 
with a lateral tubulure, 7, for the influx of steam from the steam box. The 
body being open above and below receives the hollow spindle BC’ axially, 
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the latter being secured in any position by the snugly fitting screw at C. The 
top of the spindle B is ground into the upper aperture of the body like an 
ordinary screw valve, so that steam may be quite shut off or supplied in any 
reasonable volume at any pressure by turning the head of the spindle. The 
bottom of the spindle receives the T-tube GHA, the joint being ground so as 
to admit of rotation of the spindle around the tube. Air charged with nuclei 
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Fic. 7.—ADJUSTABLE NozzLe FoR STEAM JET. SCALE 3. Fic. 8,—GASOMETER TRAIN AND MODIFIED 
Cotor Tusk. Fic. 9.—TUBULAR CONDENSER FOR IONIZED GASES. 


is conveyed through this tube, entering at /” and coming from the identical 
gasometer train and phosphorus tube already described. 

To obviate the danger of steam entering the tube, #/, and quenching the 
ionizer, a hollow nozzle, D, is ground into the top of the spindle and removable 
at pleasure. This introduces the dust at 1 cm. above the annular opening in 
the jet, where the pressure excess is smaller. The nozzle does not otherwise 
interfere with the action. Should water enter the tube 4, it may be removed by 
opening the stopper G@. 

The color tube as now modified is shown at C, figure 8, the jet playing 
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directly into the open end of the tube, which is telescoped (not shown) so that the 
lower section may be raised to facilitate access to the jet. The mirror for 
illumination is at m, m being the observation window cleared through a, and é the 
escape steam pipe. 

The bottom of the spindle is joined by a thin tube, ¢, called absorption tube, 
about 1 millimeter in diameter to the phosphorus ionizer, ?, which here consists of a 
tube about 30 em. Jong and 1 em. in diameter, charged in the manner described 
above. Fis the screw stop-cock, ) the desiccator, U the pressure gauge, V’ the 
volume flask, 17 the large Mariotte flask. 

Figure 9 is a slender tubular condenser by which the absorption tube ¢ may 
be replaced for correlative electrical measurements. See Chapter 5. 

11. Results—In table 7, I have given several series of results obtained 
at different times. Different absorption tubes at ¢ were used, and hence the 
results can only be compared by putting the volume of charged air producing 
the standard blue equal to one unit. Variations between the series necessarily 
remain, because it is impossible to select the same shade of blue from a continuous 
series. The pressure of the steam jet is given under p; @ is the air temperature, 
and §P the pressure excess in the volume flask in em. of mercury. Reduction to 
standard pressure and temperature is superfluous. 


TABLE 7.—COLOR AND RELATIVE NUMBER OF PARTICLES IN CASE OF NEW 
JET (AXIAL INFLUX). “BLUE” =t. 























Color, ee | p,9 6P Remarks, Color. yee p49 bP | Remarks. 

| cm: 4G; Green .48 | /=9.5cm Blue requires 
Cr.-Gr. .30 =5.5-6.5 |Long absorption) Blue — 72 0 = 26° 1.25 liters per 
¥ii-Cx: 45). |.G> = 27-1G.\| *tube: Blue + | 1.00 | minute, 
Green .70 |OP=5.5 cm. | Violet-+ | 1.40 
Blue — 83 Blue + requires Crimson -I0 | , =7.5 Blue requires 1.5 
Blue — 95 2.2 liters per Yellow 20 i= 267 liters per min- 
Violet 1.87 minute. | Green 52 | ute. 
Blue + I-10 | )Green-Bl. | .66 | 
Blue — 95 ||Blue — | .83 | 
Green 78 | Blue + 1.00 
Crimson 28 | p=5.8 |Short, thin ab-) Crimson e147, p=7-5 |Blue requires 
Yellow .38 | G@=25.4 | serption tube.|/YI.-Cr. 520))| Gi 2 1.75 liters per 
Green 53 |OP=5.5cm.| Blue requires), Y].-Gr. | 337 minute. 
Gr.-Bl. | 69 | 1.5 liters per Green s5 
Blue — 83 | minute. | Blue-Gr. 53 
Blue + 1.00 | Blue — 77, 
Violet + | 1.25 | Blue + | 1.00 








These observations are constructed in the chart figure 10, by representing as 
abscissas the thicknesses of air-plates which would give the same color by New- 
ton’s interferences for normal incidence and transmitted light, as no better method 
is immediately available. The ordinates are the volumes per minute of charged air 
producing the same color in the tube. The curves are taken directly from the 
chart, figure 3. 
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12. Discussion —To turn first to table 7, it is seen that whereas in the earlier 
work the dust contents needed to produce a blue field was but .5 liter per minute 
on the average, the requirements here are as high as 2 lit./min. and not below 1.2 
lit./min. On the average even three times as much dust is needed. This is a dis- 
advantage of the present form of jet, inasmuch as the law of absorption in the tube 
t, Fig. 9, has now a fundamental bearing on the data obtained from the apparatus, 
which will in many cases outweigh the convenience of stronger colors of the second 
order. The jet, moreover, is not available for the capture of atmospheric nuclei. 
Different purposes will therefore be subserved by the two forms of jet. 

If these series of observations are examined individually as far as blue, they 
will be found to lie on a line with somewhat less concavity upward than was the 


















































FIG. 10,—CHART OBTAINED WITH NEW JET CORRESPONDING TO FIGURES 3 AND 4. 


case above. Their regularity, even for color criteria, is not as great as would be 
anticipated, particularly in the region of the second order (right end of curve). As 
the observations were taken on different days, it seems to me that the state of the 
atmosphere must impress itself upon these measurements, as the effect of atmos- 
pherie nuclei would be largest on the right where the supply of artificial nuclei is 
smallest. 

Compared with the preceding results (figure 3), the present series of data lie 
quite within the same margins of values. Indeed, the results with the jet dusted in 
the great variety,of ways from without, the nuclei being borne into the jet ona 
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convection current often traversing many feet to meet. it, a uw 
the active dust is at once introduced into the jet from witl hin, 
on the whole, provided the same color value (blue=1) be given 
The absolute volumes of charged air (liters/min.) evoking the color 
experiments vary over threefold. The reason for this, the Ape ; 
4, figure 9, will appear in the. next chapter. 


: . 


CHAPTER III. 


TRANSMISSION OF THE IONIZED EMANATION OF PHOSPHORUS THROUGH AIR IN THE 
ABSENCE OF AN ELECTRIC FIELD. 
1. Introductory —For reasons of both theoretical and practical import, it is 
next necessary to ascertain the precise conditions under which the phosphorus 
nucleus vanishes on passing through tubes at a definite velocity ; or in general on 
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FIG. 1.—CoLor TUBE AND ABSORPTION TUBE. SCALE 4). 


being retained in any vessel or put in contact with any barrier in a definite way, 
for a definite time. The experiments of the present paper thus relate to the 
absorption ' of condensation producing atmospheric nuclei by surfaces or by sus- 
pended particles. They show, I think, that such absorption takes place as though 
each nucleus of a nearly saturated region travelled in the entire absence of an 
electric field, with a velocity of about 3 millims. per second ; or if it be put roughly 
that 4 of the total number travel in a given cardinal direction, as though each 
nucleus had a velocity of about a centim. per second. 

*Cf. Phil. Magazine, (6), vol. IL, p. 40, 1901; Am. Journ. Sct., (4), xi., p. 237, 1901; Science, 


X1., p. I, Ig00. 
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2, Method and Apparatus.—The method of experimentation has been indicated 
in the preceding chapter, and is based on color criteria obtainable with the steam 
jet. Here I need only recall that a current of moderately dry air is furnished by a 
gasometer train (Mariotte flask, volume flask, pressure gauge, dessicator) terminat- 
ing in the fine screw stop-cock /) figure 1. On opening the latter, this passes 
through the phosphorus tube P (containing pellets of phosphorus between strips 
of wire gauze), where it is highly charged with the ionized emanation. This satur- 
ated air is conveyed into the color tube CC’ (old pattern of which 7 is the simple 
jet), through the absorption tube ¢, of the length, diameter, and material to be 
examined. The tube ¢ is sealed into ?, while the other end dips slightly into the 
lateral influx pipe C, of the color tube. The arrangement of C (length, etc.), has 
very little, if any, effect on the results, as was pointed out in my last paper. The 
draft due to j is sufficient to capture all the nuclei from the open end of the 
absorption tube ¢, and the whole of it is impressed on the jet. 

3. Results for thin tubes.—To illustrate the method of work the chief data for 
each tube are given in the following table. Other results are briefly summarized 
or expressed in the chart. Length, a, and radius, 7, refers to the absorption tubing 
employed. The volume (V liters per minute) of charged air passing through P is 
the amount needed to produce a definite color (full blue) in the field of the color 
tube CG. The velocity of the air current through ¢ is given under v in centims. per 
second. The constant 4, in the final column, is the absorption velocity, computed 
from the equation k=2.65 (V/rv) In (V/V), where VY is the volume in liters per 
minute giving the identical blue color when the absorption tube ¢, is removed, and 
the phosphorus tube conveys its contents directly into C. The other data (p, the 
pressure of the steam issuing from the jet, always low, and 6, the temperature of 
the air at influx, measured by the thermometer 7’), are of little immediate interest. 
Their variations are not important. 

In most cases, many observations (often four or five) were made for each tube 
length, «, in each series given, the difficulty being to select the same standard blue. 
The table contains only the mean values. 


TABLE 1.—ABSORPTION OF PHOSPHORUS DUST IN TUBES. GRAY RUBBER. 
DIAMETER, 2 r=.64 cm. p= 4 cm. 6 = 26°. 

















i | Computed, 
ai r re v. &, 
Length. | Vol. /time. Vv. | e 
cm. L/min. cm/sec. cm/sec. L/min. cm. 
° AY f — | 
125 3.1 161 
295 4.7 244 
455 6.5 | 340 .60 ° 
° 8 Sea 28 | 1.09 15 
° 5 — ) 2.00 7p 
85 2.1 It! 3.00 142 
125 2.8 147 4.00 222 
295 5.2 271 5.00 309 
455 6.9 360 7.00 504 
| 
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TABLE 1 (Continued).—ABSORPTION OF PHOSPHORUS DUST IN TUBES. BROWN 














(PURE) RUBBER. DIAMETER, .35 cm. =5-7 cm. 0= 24°. 
Computed, 
Length. Vol./time. v. kh. as SS 
Ves w, 
cm. L/min. cm/sec. cm/sec. L/min. cm. 
° 5 — 
50 1.3 236 
100 17] 306 
150 2.2 385 .60 00 
200 2.6 465 1.00 25 
250 B33 aT | 2,00 112 
300 4.2 735 32 3.00 228 
° oy ad | f 4.00 356 
50 1.5 268 J 5.00 500 
100 1.9 341 
150 2.3 396 
200 2.8 498 
250 3.1 546 
300 BS 620 
° 6 = 





























TABLE 1 (Continued).—ABSORPTION OF PHOSPHORUS DUST IN TUBES. LEAD. 
DIAMETER, .63 cm. = 4-5 cm. 0 = 27°. 
| Computed. 
Length. Vol./time. v. A 

V, x. 

cm. L/min. cm/sec. cm/sec. L/min. cm. 
° 5 a 
100 23 125 
200 4.2 224 
300 4.6 246 

400 4.7 249 60 00 

° 8 a 2s 1.00 18 

° 35) = | 2.00 80 

34 Te2 65 J 3.00 162 

68 2.0 107 4.00 256 

100 2.6 137 5-00 355 
200 3.8 203 
300 4.3 230 
° 6 = 














TABLE 1 (Continued). — ABSORPTION 


DIAMETER, .32 


OF PHOSPHORUS DUST IN TUBES. LEAD. 


cm. p= 8-10 cm. 0= 27°. 











Nl | Computed. 
Length. Vol./time. v. | A 2 ie 
| | V. | ee 
— | | 

cm, 1/sec. cm/sec. cm/sec. L/sec cm. 
° 7 — — .60 | 00 
50 1.4 276 t 2 1.00 30 
100 U7 346 \ 3 1.50 78 
§ 2.00 136 
150 2.0 411 | ere eae 








36 EXPERIMENTS WITH IONIZED AIR, 


TABLE 1 (Continued ).—ABSORPTION OF PHOSPHORUS DUST IN TUBES. GLASS. 
DIAMETER, .26-.32 cm. p = 7-10 cm. 6 = 27°. 








1 Computed. 
Length. Vol /time. uv. A | aa 
ye x. 

cm. L/sec. cm/sec. cm/sec. L/sec. cm. 
) 8 — 60 00 

50 I.2 297 | 27 .00 37 
1co 1.4 362 . 1.50 95 
150 1.9 482 2.00 166 
° 8 _— 2.50 247 





A brief summary of the chief results is appended for reference. 


TABLE 2.—ABSORPTION OF PHOSPHORUS DUST IN TUBES. 





















_ 7 1 2 2 
Tube of Diameter: eee Jet Exess, int Range ! of | Range of ao 
__| | 1s 
Gray rubber .64.cm. | 0-455 cm. 4cm. 26° 7-7.0 | 40-360 .28 
Pure rubber 35 , 0-300 : 6 : 24° 5-4.2 | 80-740 +B2 
Lead .63 > C7800 Bs 27° 5-4.6 | 30-250 aD 
Lead 32 OnLSh! . 27° 7-2.0 140-410 30 
Glass 29 | 0-150 8 27 8-2.0 200-480 -27 





These results are entered in the chart, figure 3, with greater fulness, where the 
abscissas are the lengths of the absorption tubes in centims., the ordinates the 
volumes (liters) per minute producing the fiducial blue. The curves drawn 
through the points are computed from the theory presently to be given. For the 
wider tubes and greater lengths, the higher volumes sometimes show a break in 
the curve (cf. lead), meaning, I think, that the phosphorus ionizer is being 
overtaxed by the quantity of charged air demanded. 

In view of the difficulty’ of observing subject to color criteria, the widely 
different values of the velocity with which the ionized air traversed the absorption 
tubes, the high velocities employed, and the marked difference of material (conduct- 
ing and insulating) which makes up the absorbing walls, the proximity of the values 
of & is particularly noteworthy. No relation to diameter is apparent. In case of 
glass, of impure gray rubber, of pure brown rubber, and of lead, this velocity , so 
far as observation warrants, is the same. 


4. Lesults for wide tubes.—In contrast with these results with tubes of relatively 
small bore, I shall now add data for wide tubes. These were 5 centims. in diameter 
(2-inch drain-pipe of tin plate) and they may be regarded as direct prolongations of 
the influx pipe, C’, of the color tube. The arrangement is shown in Chapter L, figure 
20, The air passing through these tubes is moved by the suction of the steam jet 
and is independent of the ionizing current through the gasometer. The velocity of 
the air current through the tubes (often 50 feet long) was about 100 centims. 


‘liters/min, *cm./sec. * Adding to this the variable ionizing intensity of phosphorus. 
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per second and was determined by the time it takes the dust, suddenly injected into 
one end of the tube, to show itself at the other end by coloring the steam jet. The 
phosphorus emanation (V liters per minute) was introduced into the current at dis- 
tances 150 and 1500 centims., respectively, from the jet, as the data show. The 
table gives the series chronologically. The velocity is here computed from &— 
(rv/2 (a@-w')) In (V/V"), where the volumes V and V’ correspond to the tube 
lengths x and a’. 


TABLE 3.—ABSORPTION OF PHOSPHORUS DUST IN TUBES. TIN DRAIN- 
PIPE. DIAMETER 5 cm. p=4cm. @= 28°. 



































Length. | Volume/time. | v. | k. 
tf - cm, [era L/min. a) cm/sec, cm/sec, 
\) JBIIS2O) SEKaKS Go ogadhooneaobak 150 .95 | (100) (.05) 
ie Sen ae ce oY 1500 2.00 | 
ABE ule irerareyetosctsirekekoney scoters 4 -0o1y- 1500 2.24 | 
Ribera eee TSO | gO 
Blue-ereensereene om nels 150 .70 | (100) i Sone = 
BWC rereyeterertotatuictees oy eects sch 150 | 1.10 | .06 
IS elo pa GM eke sweetie eckalses tle: | 150 1.05 | .06 
Ble Greener remmnter rate clcrcicts 1500 Weil 
HES UG Rperetegercusre ener eters ov oceres echo ihetere 1500 2.00 
Darke We nrerrev creer s2+| 1500 2.00 ; 
BITE erga rretie ssrcke place cele tie = 1500 a (100) 0.CI 
C2 Ola — S65 Cmts eva 2. 150 .67 ) 
1500 .65 ¢ | 
pe TO = ) | eee tae 
BIW EM ae er ere tee ows sa 150 73 (100) 02 
Ee OP an CIN aie oe feo.) ____ 1500 .90 : } 
ALOE Cerner oy concrete et niet caste 1500 ' 1.40 (100) | 
re i CDN citer eg ome: cee .60 (OSs eee 
Blas. &. oe aie se. 1500 * .80 (100) 
C= 2 Cea CM Nee ae rae 150 | joe Ms .O1 
IWAI@ LE tatnnr ate cers ate tec xx ae 1500 * 1.60 (100) 
C12 Obey Gu Careers voter rs x: 150 .60 09 














These results have also been constructed in the chart, figure 3, on the same 
seale as the other curves, the data selected being those showing the maximum effect 
of length. In fact, they are liable to be very variable, as the colors for the long 
tubes become dull and are unsuitable for sharp comparisons. One may state that 
more dust is required for long than for short tubes, but that the difference is a rela- 
tively vanishing quantity and out of all proportion with the data for small tubes. 
The difference between the present and the preceding experiments with tubes is this, 
that whereas in the latter case (small bore) the saturated air is conveyed in the un- 
diluted condition through the tubes, in the case of wide tubes (5 em.) the saturated 
dust is necessarily diluted on being introduced into the tube having its own indepen- 
dent current of air. The present series shows the remarkable preservative tendency 
of this operation of dilution and points out a reason for the constancy of behavior 
of the color tube itself, after the nuclei have once been captured. 


‘Opaque at 150 cm. *Green-yellow at 1500cm. *At 150 cm., violet. “Opaque at 150 cm. 
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5. Working hypothesis—In the endeavor to frame at least a working hy- 
pothesis for these phenomena, two possible occurrences are prominent: the first of 
these is the decay of the particle so far as its activity in producing condensation is 
concerned, This may be due to growth and loss of charge, to the action of ordinary 
dust particles floating in the air, or any similar cause whatever. It constitutes a loss 
within the ionized medium itself. The second relates to the motion of the ionized 
particle, whether stimulated by an electric field, or a diffusion gradient, or not, 
occurring in the latter case as a mere ionic velocity. Since electric field is absent, 


| 
‘os, see 4 


pipe 2r=9cm. 











Fic, 3.—CuHART SHOWING THE RELATIVE NUMBER OF PARTICLES (ORDI- 

NATES, Dust-CONTENTS IN LITERS PER MINUTE) NEEDED TO PRODUCE FULL 

BLUE FOR DIFFERENT LENGTHS (ABSCISSAS) AND DIAMETERS OF THE ABSORPTION 

TUBES, 
it would at the outset be natural to treat the motion as a case of diffusion and due 
to a concentration gradient. It seems hardly probable, however, that in a swift- 
moving, turbulent current of air, diffusion can be recognized. I have therefore 
thought it best to regard the nucleus as moving with a definite velocity /, indepen- 
dent of direction and (for a given class of experiments) independent of concentra- 
tion. So cireumstanced the swarm of nuclei are transferred by the air current. As 
the nucleus impinges upon but does not rebound from a barrier, / may still be 
regarded as an external diffusion coefficient, corresponding to the constant in New- 
ton’s law of cooling. 
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6. Computation for saturated emanation.—Let dx, figure 2, be the thickness 


of an infinitesimal right section of the absorption tube of radius 7, traversed at 
velocity v by an air current charged with nuclei. Let » be the 


number per cubic centim., and % the number absorbed per square ie Paes 
centim. per second, if n= 1. Hence & is the absorption velocity 5+ Wy ar, ¢ 
¢ YA) 


discussed. If, as in cases considered elsewhere, the absorption tube Fig 
were a condenser with the field acting radially outward (Chapter V.), 1g. 2. 

k would be replaced by UeH/(R, —L,), where ¢ is the equivalent Fic, 2.— DIAGRAM. 
charge of an electron, Y the velocity of the ions relatively to each other, 
E/(k,—R,) the potential gradient, L, 


ferential radius of the condenser. I mention this here for future reference. 


being the axial and #, the cireum- 


Let #’ be the number of particles decaying by mutual destruction, ete., per 
cubie centim. per second, if 2 = 1, so that 4’? is the number vanishing for the den- 
sity of distribution 2. 

Hence the number of particles accumulating per second in the element is 
—77r2v(dn/dx)de; the number absorbed per second by the walls of the tube, kn2 
rrdx; the number decaying per second within the element, h’n?272dx. Thus 
—(v/k') (dn/dx) = 2hn/k'r + n?. ‘This equation is integrable in finite form, and 
putting ) as the concentration at a, the equation becomes n = 2hig/(_***~*0/”” 
(2k + krn,)—krn,). The direct discussion of this equation is cumbersome. Its 
bearing on the present results is best shown by evaluating the two special cases in 
which k’ = 0, and & = 0, respectively. The former case is incompatible with the 
observations and may be dismissed. See § 9. 

7. Case of absorption without decay.—Let, then, k’= 0, so that decay within 
the element from any causes whatever is absent.’ The only loss of nuclei is at the 
surface of the absorption tube.- Hence, m = mye ~**"”’", if m) 1s the concentration at 
&) = 0, i. e., in the absence of the absorption tube. But v = 1000 V/6077?, if V 
liters per minute produce the velocity » centims./sec. Hence, 2 = me~”/?%, 
The total number of nuclei injected into the color tube is thus” V. Let these pro- 
duce the fiducial clear blue field. In the same manner let 2’ V’ nuclei produce the 
same field when the dimensions of the absorption tube are 7’ and «’, and the air 
passinesi liters persmimute. ‘Then, sincen V=n'V', Ve res! = Vie eee, 
If V, be the volume per minute when the tube length is 2’ = 0 and the field the 
identical blue, 

k= 2.65(V/rx)In(V/V,), 


an equation from which the value of /, the velocity of the nucleus, is computed at 
once in em./sec., supposing decay (4) to be a vanishing quantity. 

Waiving the more refined methods of the kinetic theory of gases, if but 4 of 
all the nuclei wander in a given direction, the term expressing absorption of the 
wall of the tube in the differential equation would be &(n/3)2x7dx, or h/3 replaces 
k. Hence the data in the above tables should be increased threefold to meet this 
point of view, as stated in the first paragraph of this paper. 

‘More generally the decay is compensated by the production of new ions within the region by 
collisions, etc. 
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The value of £ is given for each series in the tables, computed from three 
points of the observational data corresponding to = 0 and the maximum and 
mean lengths. It will be noticed that V, = .60 liter/min is nearly the same for 
all the absorption tubes, as it should be for initially saturated air, and has been so 
taken. From the value of 4 found for each tube I then computed the corresponding 
curves, these being given in the last columns of table 1. The computed curves are 
constructed in the chart, figure 3, to show the distribution of the observations with 
respect to them. The agreement is throughout surprisingly good ; it would be im- 
possible to get a better interpretation of the observations in view of the difficulty 
of color experiments. If we compare the nuclear velocities 4, with the radii of the 
absorption tubes, with which they were obtained, we find that they vary for the 
wide tubes (gray rubber and lead) as much as for the narrower tubes (lead, pure 
rubber, and glass). Hence % must be regarded independent of 7, and the variations 
found are observational errors. 

I conclude, therefore, that the proposition which considers decay (4’) to be 
relatively and virtually negligible and the absorption effect of the tubes of velocity 
k, or an ionic velocity 38h, to be real, is one of great probability. The whole ionized 
region is under volume expanding stress, much like an osmotic pressure. 

8. Computation for diluted emanation —The case of the wide tubes of tin 
plate (27 = 5 em.) is different in character, for here the different lengths correspond 
to different initial densities, 7, and 7’,, while the radius of the tube and the velocity 
of the air current are the same. One may assume that the initial densities are to 
each other as the liters per minute ( V) of air saturated with phosphorus emanation 
put into the tube at distances v and a’ from the jet, Thus 7,/n', = V/V', and 
therefore h = (7v/2(a@ — a’))In( V/V"). Since 7v/2(a — ’) is about .093, the vol- 
ume ratio V/ V’ should be between 15 and 20. The observed values rarely exceed 
2, often falling much below this. The coefficients % are thus too small as com- 
pared with the preceding set. 

It is interesting to compare the degree of dilution here with the above cases. 
The volume of saturated air added rarely exceeded 1 or 2 liters/min. The volume 
of air traversing the tube and due to the jet is 120 liters/min. The dilution is thus 
from 50 to over 100. The above cases of dilution with narrow tubes would be 
given by n/n, = e~”*/*", while in the tube. Otherwise, since n,V,=”V for a 
given color, the chart gives u/n, at once. The range of values does not exceed 11 
(gray rubber), the other maxima being 7 (lead, rubber), 4 (lead, glass), terminating 
with 1. Hence the orders of dilution in the two experiments are very different. 

The results for the tin tube are naturally much less certain because the colors 
become dull after the dust has passed through great lengths (50 ft.) of tube, or they 
flicker, and because » is not easily found. Still the preservative qualities of dilu- 
tion are undeniable, and my observations again lead me to disbelieve that diffusion 
within this wide, eddying current (tested), can be in question, Ignoring it, it seems 
most probable to conclude with others (J.J. Thomson, Rutherford, Townsend) that 
new ions are being continually reproduced by collisions. From the present experi- 
ments with wide tubes it would then follow, that when the ionized air is markedly 
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diluted, the new ions produced are in excess of the old. From this one may argue 
that their velocity must diminish. Admitting the delicate nature of this specula- 
tion, it is certain, unless I have misunderstood the observations with wide tubes, 
slow currents, and weak ionization, # here in all my experiments has never ex- 
ceeded + and often fallen below 5 of the very definite values for small bore tubes, 
swift air currents, and nearly saturated ionization. 

9. Case of decay without absorption—It will be interesting to contrast with 
this, the second special case in which k=0, and #’ is alone significant. Here, in brief, 
the diminution of nuclei is due to decay while sojourning in the tube. If in the 
narrow tubes the destruction of nuclei were merely the result of decay due to their 
mutual reaction, then the time of their sojourn within the tubes, @. ¢.,(w—a,)/v, should 
be of paramount importance, apart from the diameter of the tubes. The differen- 
tial equation for this case becomes on integration, 1/n — 1/n, = (k'/v) (@ — @), or 
n/n, = 1/(+k'n, (x/v)), if n, corresponds tox, = 0. Since v = 1000 V/n607" = 
5.30 V/r?, and since n V=n, V,, 


ie Vira Vga 5 3 Omms 


eV ony. 
so that &’ cannot be found absolutely in this way. 

Moreover since for a given tube of radius, 7, the ratio (V— V,) /v is very nearly 
constant for the larger values of V,#’ varies nearly as V and is not therefore a con- 
stant. The equation for &’ may be otherwise written k’=(( V— V,)/a) (w/n, V,), 80 
that (h'n® being the number of particles decaying per cubic centimeter per second) 
k’ varies with the velocity of the ionized air current through the absorption tube, 
roughly speaking. 

I conclude that an explanation in terms of decay alone is inapplicable, and 
even with modifications inferior to the explanation (4’=0) given above. 


CHAPTER IV. 


THE TRANSMISSION OF THE IONIZED EXHALATIONS OF PHOSPHORUS THROUGH AIR AND 
OTHER MEDIA, IN THE PRESENCE OF AN ELECTRIC FIELD. 


TRANSMISSION THROUGH AIR. 


1. Object and plan.—The experiments of the present chapter’ are made with 
an electrical method. They relate to the apparant decay of the ionization produced 
by phosphorus, in the lapse of time, for fixed distances apart of the condenser plates; 
to the transmission of the ionization through layers of air and other media and bar- 
riers. They are thus preliminary to the subsequent experiments, in which the con- 
denser and the color tube are combined and the coincident effects interpreted. I 
hope moreover to decide whether a form of radiation from phosphorus is presumable 
or whether the case is merely that of an ionized gas exhaled by the slowly oxidizing 
body. Ishall venture to treat the results ina simple and direct manner, in order 
to present them more consistently with my earlier chapter on the same subject, in 
which the attempt was made to arrive at the ion velocity of the phosphorus emana- 
tion by a non-electrical method and therefore in the absence of an electrical field. 
Finally I want in particular to ascertain whether by giving less prominence to the 
decay of ions by mutual destruction within the element of volume, or otherwise, the 
phenomena may not be equally well explained. 

2, Apparatus and method.—To turn first to the behavior of phosphorus in 
contributing in the lapse of time to the discharge of a simple air condenser whose 
plates are at fixed distances apart, the following experiments were made: In 
figure 1, B, is a water battery of 48 volts, permanently charging the quadrants of 
an Elliott electrometer, one of which is always earthed and controlled by the 
switch, S,. B, is a storage battery (20 cells suffice) one pole of which is kept 
earthed as determined by the switch S,, to be closed momentarily on charging. 
The other terminal charges the two condensers in parallel, JZ, NV, in the electro- 
meter and C, P, for the ionization experiment. The plates J/ and P are also per- 
manently earthed. .V communicates in the usual manner with the needle of the 

' Science, XI, p. 201, 1900; XIII, p. 501, 1901; Physical Review, X, p. 257, 1900; and the cur- 
rent numbers of the P#i/. Mag. The ionization of the phosphorus emanation was known to 
Matteuci and has been studied since by Neccari. It was rediscovered by Bidwell (avure, Dec., 
p. 212, 1893). Cf. Mature, LV, pp. 6, 125, 155, 1897; also XLIX, p. 363, 1894. I believe I was 
the first to point out its remarkable activity in producing condensation, and the substance is 
specially interesting to me because of this property. Cf. Bulletin No. 12, U.S. Weather Bureau, 
Washington, 1895, 
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electrometer, which is thus at the same potential as the plate C. P isa phosphorus 
grid, consisting of two sheets of wire gauze placed close together facing each other, 
so that between them discs of phosphorus may be secured. As the air has free 
aecess to P on all sides, the medium between C’ and / is heavily charged with 
phosphorus “dust.” ‘The 
essential precautions to be 
preserved in work of this 
kind have been given else- a 
where. Barriers are placed ; 
for examination between C’ 
and P, quite out of contact 
with the former plate. 

The arrangement of 
condenser selected is thus 
essentially one in which the 
air at P is saturated with 
phosphorus emanation at 
all times. On passing from fa 
P to @ this saturation is KS 
reduced, depending on the Mr aT 
distance apart of the plates. KYEUEUMIE 
The actual form of the con- 
denser is shown in figure 2, 
where B is a hard rubber 
base on which the plates C’ 
P, are supported on metal- 
lic feet at a distance w apart. 
They are secured by spring 
terminals, a, 6, adjusted by 


clamp screws. The charg- Fic. 1.—DIAGRAM OF THE CONDENSER AND THE ELECTROMETER IN 


Sec hi b ir . PARALLEL. FIG. 2.—SECTIONAL ELEVATION OF THE CONDENSER. SCALE, 
ings Key as been, Craw nt 1D 1/6. Fic, 7.—D1AGRAM. 


diagram in figure 1, where 

a, b, are parallel insulated metallic rods, trunnioned at ¢, d, and there put to earth 
and connected with the condensers, respectively. The terminals of the charging 
circuit are e and f. The levers are either top heavy or controlled by springs to the 
effect that contact with one side or the other is always made unless broken by 
special adjustment. It is frequently difficult to keep these keys free from leakage, 
so that simple devices are sometimes to be preferred. 

3. Computation.—The computation of the present results of discharge may be 
made in the usual way. The curves are obviously nearly exponential. In other 
words, initially, —dV=c V dt, dV being the loss of potential in the time d¢ when 
the potential difference of the plates is V, and c being a constant. Thus ¢V is 
proportional to the current flowing between the plates and V=V,e~*. The 
constant ¢ occurring in this equation has for the present either the meaning of 


Earth 
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—(d V"/dt)/ V or —(dQ@/dt)/@, where Q is the charge of the one condenser plate, the 
other being kept at zero. The justification of this equation is at hand: Let be 
the number of ions available, e the average charge of each, U their relative velocity, 
v the distance apart of the condenser plates of area A, for the potential difference 
V. Then —(dQ/dt)= U (V/v)ne=—C (d V/dt), where C is the capacity of the 
condensers conjointly, (¢@/dt) being the current, all taken per square cm. Hence, 
if for brevity A/cx=1, —(d V/dt)/ V= Une=c. It will be convenient to express 
the data in terms of common logarithms, wherefore c’=—log « (d V/dt)/ V will be 
given and V= V,10~°*, and c'= Unelogz=cloge. 

4. Data as to ageing of the ionizer—Vhe first question at issue, is the behavior 
of phosphorus itself, the object being to throw light on its persistence as an ionizing 
agent in the lapse of time, change of temperature, ete. The following tables show 
results. The leakage of the condenser was observed in the lapse of time, the 
apparatus being charged at successive intervals but not otherwise interfered with. 
The constant ¢’ (varying with m the number of ions per cubic centim.) was 
found for each two minutes after charging. Plate distances of 1 and 3 centims. 
occur in the tables. 


TABLE 1.—DECAY OF IONIZING ACTIVITY OF PHOSPHORUS. 
































Distance : Diff. of ' | Distance i Diff. of 
Time. : — Time. 5 Co— 
t of tential f 1 
Plates t Ee v. = Uneloge. || craic t. ee Uneloge. 
cm. h. m. volts. cm. 
I 10 19.5 39.0 -39 3 081 
20 22.0 
20.5 | 14.0 
21 10.0 
I 10 25 39.0 39 3 .078 
25.5 22.0 
26 14.0 : 
26.5 10.0 56.5 27.0 
I 10 36 39.0 sai 3 3 16.5 35-4 .086 
36.5 22.0 17 33-0 
37 ee 17°5 74 
37-5 10, I 26. 
I 10 46 39.0 +34 3 3 47.5 35-4 .078 
46.5 23.0 48 32.6 
47 Bs 48.5 29.6 
47.5 LI: 49 27.2 
I 10 59 38.0 +35 3 4 18 35-4 .078 
59:5 23.0 18.5 32.6 
° 15.0 19 29. 
60.5 | LD: 19.5 27.2 
I re 27 38.0 “34 3 4 45.5 35-4 .070 
27.5 23.0 46 32.6 
ae 15.6 46.5 58 
28.5 11.4 47 27. 
I 12 .o 35-4 -33 3 5 22 35.4 .080 
(Plates 5 22.8 22.5 32.4 
read- I 15.8 23 29.4 
justed.) 1.5 11.2 23.5 27.0 


seins. ilps crm 
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These data are summarized in the following table, for the three series of 
results in hand. The limit of sensitiveness of the electrometer was about equiva- 
lent to 8¢’=.002. The largest values of c’ observed were of the order of .500. 


TABLE 2—SUMMARY. DECAY OF IONIZING ACTIVITY OF PHOSPHORUS. 

















Distance Ae || Distance 1 ; 
t f | Ti . ry. Se apa ) ‘Gl a= 
Daten, INS n Ueloge. | ee Time. nUcloge. 

cm. h. m. | cm. h. m. 

it 10 20 39 | 33 .096 
26 39 40 .080 
37 37 57 2093 

47 “34 = B. 4 ¥ 

60 35 | 

II 28 -34 | 3 2 45 081 
12 x “33 | 56 .078 
Bs 3 17 .086 
3 48 .078 
3 1 39 095 4 u .078 
5 093 4 4 1079 
12 15 .066 5 23 .080 
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The first of these series (see figure 3) shows a decrease of conduction from 
39 to .83 within two hours, such as would naturally be associated with the waning 
ionizing power of phosphorus. The succeeding series show similar fluctuations, but 
the conduction of the condenser is retained intact after two or even three hours of 
exposure. It is improbable, therefore, that the number of ions (¢’ =n Ue(A /cx) loge) 
is supplied at a diminishing rate in the lapse of time by the phosphorus ; it is 
much more probable that fluctuations of temperature and like incidental causes 
account for the difference. In the first series the decrease of ¢' is most marked, 
being .0007 per minute while the value .0009 occurs in instances below. Thus in 
the 15 minutes or less (usually less than 5 minutes) which outlasts the time of a 
single series of observations, appreciable diminution of the ionizing potency of the 
source cannot be inferred apart from the environment. 

5. LHffect of temperature.—The effect to be ascribed to temperature is much 
more serious. I made the following observations (table 3) with the same condenser, 
endeavoring to obtain the temperature discrepancy by varying the temperature of 
the room. The observations for c’= Une (A/Cr) loge, were completed in the 
usual way, all being satisfactory. Unfortunately the temperature of the air between 
the plates is not identical with the superficial temperature of the phosphorus itself, 
and it is upon the latter that the ionizing effect depends. Hence the data as con- 
structed in the curves, figure 4, show curious lag phenomena. The observations are 
difficult, as drafts of air if but slightly too warm, are lable to kindle the phosphorus, 
Different parts of the grid often respond unequally. In a cold room (about 9°) 
phosphorus is nearly inert. It then rises rapidly to the large ionizing value between 
20° and 30°; but experiments like the present merely emphasize the need of a room 
of constant temperature. The relation itself is elusive and yet to be found. 
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TABLE 3.—EFFECT OF TEMPERATURE ON THE IONIZING ACTIVITY OF 
PHOSPHORUS. DIFF. POTENTIAL, 60 VOLTS. DISTANCE APART 
OF PLATES, 3 cm. 















Remarks. Temp. a | Time Remarks. 
Temperature of| 20.6° 049 11h,21m. (Air) ne -002 | 10h. 14m. 
cooled room ris-| 24.0 124 | 27m.|| Phosphorous grid 9.3 .005 6| toh. 21m. 
ing from 10°. 25.0 | .099 32m. cold, tempera- 8.9 .002 26 m. 
(Air.) 20 | .003 _ ture rising. 9-3 022 45m. 
3 Ee Ss ees : 9.4 .070 | 49m. 
= on 9.6 toy [rub igm 
Temp. falling. 12.5° | .ror |tr h. 53m. |} 9.2 100 39 m. 
10.3 .026 |12h. gm. 18.4 272. \\t2b; Gaan! 
Temp. rising. 10.3 .067 14m. 19.0 .219 23m. 
13.1 115 19m. 20.0 .200 47m. 
17.8 -IOI 25m. 
22.3 .138 som. 
23.2 146 1h. 15 m. | 





TABLE 4.—LEAKAGE OF CONDENSER DUE TO PHOSPHORUS EMANATION. 











| . | 
: Distance me: | Observed Potential uted Potenti ’ 
Absorbent Medium.) “apart. Date p Difference. ‘ ee ieee ° 2 
: —— | 
Air. 4cm. 10h. om. om.) 40.0 volts. .0007 
10 Io 39.0 
5 15 39.0 
20 20 38.6 
Air saturated 4 cm. 10h. 27 m. om. 39 volts 39 volts. .0360 
with pbos- 28 I 35 36 
phoric dust. 29 2 32 33 
30 3 29 31 
31 4 27 28 
32 5 25 26 
33 6 23 24 
34 7 21 22 
35 8 20 20 
36 Oe |i) +49 19 
37 10 17 17 
38 II 16 16 
39 12 16 15 
40 13 15 | 13 
46 19 13 = 
51 24 13 | a 
57 3° 9 | mF 























6. Hall of potential in the lapse of time.—After these preliminaries the leakage 
of the condenser in the course of time when the air space is ionized by phosphorus 
is next to be considered. The method was essentially like the preceding except 
that longer intervals of time were given to each set of observations. Table 4 shows 
the leakage through the condenser (, P, figure 2, when the plates are 4 cm. apart, 
a relatively large distance. The exponential character of the law (V= V,10- “*) 
is obvious from the chart, figure 5, but the leakage is throughout faster than can be 
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reproduced by a simple geometric progression. This might plausibly be ascribed to 
the waning activity of the phosphorus itself, for ¢’ is necessarily a quantity decreas: 
ing in the lapse of time with the number of particles per cub, em. supplied, 
Compatibly with the direct experiments just discussed, however, the cause is 


probably incidental. 
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Fic. 3.—CHART SHOWING THE AGEING OF THE TonizEr. Fic. 4.—CHART SHOWING THE 
EFFrect OF TEMPERATURE ON THE ACTIVITY OF THE IONIZER. FIG. 5.—FALL OF POTENTIAL IN THE 
LAPSE OF TIME FOR DIFFERENT DISTANCES OF THE CONDENSER PLATES. FIG. 6. —COMPUTED CURVE 
AND OBSERVED VALUES OF c’= — (dV/dt)/V.logé, FOR DIFFERENT DISTANCES APART, X, OF THE 


CONDENSER PLATES. 
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TABLE 5.—SHOWING THE INSUFFICIENCY OF A SIMPLE GEOMETRIC 









































PROGRESSION, 
Foe Emi c 5c/8t | Mean ¢’, C 
2 
i = I 
d=4cm. 4 -0374 :0023 | +0327 -0374 
5 348 18 312 376 
6 33! 24 254 387 
7 309 20 222 393 
8 280 384 
9 275 406 
12 177 346 
15 136 340° 
a= 4 cm: 10 .0076 -0005 .0059 -0076 
13 ad 3 45 73 
17 Az 73 
21 35 87 
d=1.7 1.2 205 -039 -Igt 
2.0 176 29 183 
2a) -162 
5-7 3-0 -0234 .0022 .0207 
4.0 230 26 192 
5°5 179 
7-0 153 
255 Ne <125 -O15 .120 
2.0 114 07 .120 
2.4 115 
1.8 1.7 .136 -O21 Ai a 
2-5 118 17 103 
3:5 -099 
4.2 -088 
2.7 3-0 -0335 -0028 .0307 \ 
5:0 2/70 21 287 
7-5 240 
7 ( 
Toy sf +145 -026 125 
25 +119 .O19 +105 
3-2 -106 
4.0 -OgI 





7. Insufficiency of the equation of leakage—As IT have not made up my mind 
as to a satisfactory explanation I give above an exhibit of the inadequacy of the 
simple geometric equation. Let the observations be separated into two halves and 
the constant ¢ be computed from corresponding members V, ¢,and V’, ¢’, of the two 
series. The values c’ and ¢ of table 5 show the datum so obtained and the mean- 
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time for which it holds. If the process is repeated to get the ratio of increments 
de and d¢ of the values just found, the rates dc/ot of the table follow. These are 
practically constant in the same series but differ widely in successive series, i. €., 
varying with c’. Let the mean c’ of each ratio be found as in the table. Then if 
dc'/dt be computed, a result is obtained which though not fully independent of ¢! is 
restricted to narrow limits. Thus in place of the above equation there follows (per 


unit of ¢c, A, and @, as above) a double exponential law, 


expressing that some independent cause has for the time Z’ been decreasing the 
number of particles at the rate y. If ¢ corresponds to Cas m corresponds to V, C/e= 
Loy *we, The last column shows the values of C’ found in this way. Compared 
with ¢ they are constant enough to plausibly suggest some independent cause of 
decay attributable to the source. 

8. Liffect of distance between condenser plates. —1 come now to the main 
purpose of the present paper, namely, to find and to explain the decrease of the 
leakage, c’, of the condenser when the plates are separated. This is equivalent to 
finding the change of 7, the number of particles per cubic centim. with the distance 
between the condenser plates. The farther away the ions move normally from the 
condenser plate the fewer will have survived, whether this be due to mutual de- 
struction or other decay or to the escape of particles laterally out of the condenser, 

Table 6 gives the distance apart, x, of the condenser plates, the current time 
(date), and the interval, ¢, elapsed since charging, together with the voltages, V 
(potential difference of the condenser), corresponding. The constant ¢’ is computed 
from V = V,10-°, for the time, ¢, given in minutes. The last column contains the 
values, V, computed from c. The fall of potential for the different distances, 2, is 
shown in the chart, figure 5. 





TABLE 6.—RATES OF DISCHARGE FOR DIFFERENT DISTANCES BETWEEN PAR- 
ALLEL PLATES, WHEN ONE PLATE (GRATING) IS THE SOURCE OF 
PHOSPHORUS EMANATION. PLATES 14 CM. SQUARE. V =V,10-“, 














PV’ Observed Calculated 
x, Distance apart. Time. t Potential os Potential 
Difference. Difference, 
| 
———— ae ae | = S| 
cm. h. m. mm. volts. volts. 
a 11 17.0 .0 | (38.0) 
17.5 a5 30.0 .200 30.2 
18.0 1.0 23.0 | 24.0 
18.5 1.5 18.8 19.0 
19.0 | 2.0 14.8 iow 
20.0 3.0 10.2 9-5 
21.0 4.0 7-4 6.0 
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(Table 6 continued.) 
V Observed 
x, Distance apart. Time. t Potential — 


Difference. 


cm. h. m, min. volts. 
5-7 iL 18, oO. as 
19. i 33-0 

20. 2a 31.4 

2X. 3° 30:0 

22. 4. 28.4 

23% ns 26.6 

24. 6. 25.4 

26. 8. 244 

28. 10. 23.0 


2.5 30. 0 aa 
30.5 5 31.4 
31. 1.0 27.0 
305 1.5 23.2 
32. 2° 20.4 
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To interpret the above results I will suppose as a first trial, that c’ = c',10-«* 





where ce’ = n Ue(A/cx)loge as given above. The following table is a summary of 
completed series of experiments computed in this way, the value of e in the 3d 
column being taken at once from the preceding table 6. It will be noticed, how- 
ever, that the value of ¢’ at 7 = 1.7 em. has fallen off considerably during the course 
of the experiment. Its probable value at the successive times and « — 1.7 is given 
under ¢’. For any values of 2, the observed value, c’, is then to be referred to the 
value c” (vw = 1.7 cm.), corrected for the apparent decreased intensity of the phos- 
phorie ionization above referred to. These computed values ¢” are given in table 
7, as well as the values ¢’ (column 5) reduced in terms of them. 





TABLE 7.—TRANSMISSION OF THE PHOSPHORUS EMANATION IN AIR. 
SUMMARY = Gc 103 ¢*s a —.25° cx /'c, nae 


iia, ra a | : "Cc 3 | 
| \c Directly Com-|c’ Contemporane- 

















Distance apart, IWenrkiinveun | puted from MusteValeeiae c Corrected c’ Corrected Sejocee 
By V = V, 10~'t. eae. (obs.). (computed). | 
| : 7 we a i kee 
17 Cm. | it h. 18m. .200 .200 | 200 | .200 | -376 
5-7 | 22 .023 .196 | .024 | .020 | .038 
25 32 .120 .187 | M20) | .126 | 237 
11.5 | 43 .002 .178 | .002 | .OOL .OOT 
1.8 vente sss: .130 .160 -162 | 188 I 2355 
Ba | 14 033 .150 | .044 | .064 119 
Gf 25 .140 .140 | .200 .200 376 








' The time correction is made linearly. At «1.7 cm. the value c’ fell from .20 to -I4 in 67 minutes; i. €., .0009 
per minute. This result is referred to above in relation to tables 1 and 2. 


Table 7 deduces the mean value of @ to be .25, whence it follows that at 
1/a=4em. the value ¢ is but 1/10 of the original number. Similar ratios, 
e'/c' ,=10, are given in the last column. For a= 1 em.,.5 em.,.1em., the relative 
numbers are .56, .75, .94, showing how rapidly the saturation is reduced even close 
to the phosphorus grid. 

9. Another computation—The above table exhibits the character of the 
phenomena, fairly well. From another point of view I also tested the equation 
c=c,/(1 + bx). Thave given the constants so obtained in the following table, 
8. The equation 1/¢ —1/c',=bx/c',, where b/c’, = 8.8 is closely in accord 
with the observations, but the result for small values of ¢ is absurd, as Geis 
negative. Inasmuch as the errors in the last two tables are cumulative, better 
results than this are not to be expected, seeing that the reason for the apparent 
decay specified has not been made out. Taking the observations at their face 
value, preference would have to be given to the exponential first discussed. 

Neither of these expressions however can be expected to represent the case 
fully, for in both differential equations all allowance for those particles which 
escape laterally from between the plates is left out. The term ignored may be 
much more than a correction; indeed I shall presently show that by introducing 
it and disregarding the mutual destruction of the ions altogether, one obtains 
a much better explanation of these data than by either of the preceding methods. 
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TABLE 8.—SUMMARY: ¢ =c', /(1 + 6x); ¢/ cg =n/ny; c') = — .100; B= — .88. 
v. e. Corrected c’ Observed. | Corrected ¢’ Computed, 
Ta .200 .200 -200 
1.8 130 162 72 
2.5 .120 .128 .083 
3-7 033 -O44 »O44 
5-7 .023 .024 .025 
rL.5 -002 -002 ,OIT 


10. Working hypothesis—lt will be seen in the next chapter that the 
current removes a relatively insignificant number of particles. Hence in the 
condenser, figure 2, the loss of ions is due either to their mutual destruction or 
decay in the space # between the plates, or to their escape laterally out of this 
space into the surrounding atmosphere. 

Let » be the number of particles per cubie centim. at a distance @ from 
the phosphorus grid, P, figure 2. Let A be the area of the condenser of air 
space a, and let av be the circumferential area terminating in the edges of the 
condenser (mantle of the cylinder of air). Let & be the absorption velocity of the 
ions in the absence of an electric field, when passing from a saturated region either 
into free air or normally to an absorbing surface. Thus % is the number lost 
under these conditions, per square centim, per second, when m=1. Let k’n? 
be the number decaying per cubic centim. per second. Then the accumulation 
in the air plate Ader will be, per second, —(dn /dxr) Akdx — ankdx ; the decay 
in the element will be, per second, kn? Adv; and when the flow is stationary 
dn /dt=0; whence — (dn/dx) =an/A-+kn?/k. If n, be the value of » 
at «= 0, the position of the phosphorus plate, ?, figure 2, this equation admits 
of integration in finite form leading to n/n, =(a/A)/((4/A +n, h'/k) 
eA _ni k'/k). VE k' =0, the decay within the element is ignored and the 
equation takes the simple form », = ne“’4, which is specially interesting as 7 is 
independent of the absorption velocity also, depending for a given 7 and @ merely 
on the circumferential area, a, and the base area A of the cylinder of air space 
between the plates. 

Thus far no reference has been made to the electric field. With the velocity, 
k, moreover, it would not be practicable to approach the question of electric con- 
duction at once, for the other variables, 2 and ¢, remain undetermined in relation 
thereto. Ifm were found by Aitken’s method of nuclear condensation, e would 
then be deducible by methods presently to be indicated ; but I have not yet done 
this. 

11. Electrical considerations introduced—Suppose, however, in order to esti- 
mate in how far the present argument is tenable, that the number 2 = 7, /e**/“ just 
found, is a correct value: The question is put whether this number is in reason- 
able accord with the usual theory of electrolytic conduction. In other words, let 
the condenser be charged, remembering that the additional contribution of ions 
from this cause is insignificant. Let V be the potential difference at the time ¢. 
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Then if Cis the effective capacity of the condenser, UV the relative velocity of the 
ions to each other, ¢ the charge of each,— 

—(d V/dt) PAU) Vne/ ¢ a= AUS Nn e/ Cx Seale 
when the above value of 7 is inserted. 

Now in the data of table 7 the leakage of the condenser was computed as 
V=, V10~, which when substituted in the last equation gives on reduction 
= (A Un, e/C In 10) (1/@ ¢ *’“), remembering that ¢’ refers to minutes. 

12. Constants Computed.—This equation may now be tested with the corrected 
values (corrected for loss of potency of the ionizer in the lapse of time) of ¢’ in 
table 7 as related to x, figure 6, the distance apart of the plates. These computations 
are made in the following table by choosing the constant A’ = A Un,e/C In 10) so 
that the first observations (c’ = .200 and x = 1.7) concide. There is no smoothing. 





7 \p pe — AUnoe ry ; ' ' ; 
TABLE 9.—VALUE OF K = 4“; —(dV/dt)/V=c'ln 10; ¢' = =*_— 
oO tE axta, 
Plates. | Distance apart, -. ese ved Loe Rees Computed c’. 7 Z 
| min., ¢’. Cin 10, 
oer = | =. 
5 cm | | 
Aue 2am Te .200 | .200 634 
C= Mo 1.8 162 .182 
G/A-— 35 2.5 | 128 101 
3-7 1044 044 
Bay/ | .024 One 
Tite 
| 


.002 | .OO1 | 
| 
| 


The curve so computed is shown on the chart, figure 6, and the observations 
are inserted with reference to it. It will be seen that the coincidence is surpris. 
ingly good, far superior to the cases of tables 7 and 8, lending to the new equation 


deduced a degree of probability which becomes enhanced when viewed in connec- 
tion with the similar result of my last chapter. 

18. Number of ions in the saturated emanation.—It is even possible to make 
an approach toward computing the constant »,). If, conformably with c’, the value 
of K be taken relative to minutes instead of seconds, the equation becomes 
K=2 AUn,e/C. Now if the velocity of the ions produced by phosphorus is like 
that of the other gases, is of the order (say) of 1 centim. per sec. (Thomson, 
Rutherford, Townsend, Chattock), and ¢ of the order of 7/10" electrostatic units or 
9.4.x 10-" coulombs (Thomson). The ratio of areas in my condenser was .35, the 
area A = 132 cm’, the capacity, C, estimated at 60 centims. or .7 x 10 farads.  F'- 
nally the value of A’ found in the last table is A = .634. Thus the initial satura- 
tion, or the number of ionsn, = .634.x.7 x 107/26 x 182 x1x24x 10°" = 5.5.x 10", 
Hence if a// the ions which reach and are absorbed by the condenser plates actually 
convey charge, less than 10° and more than 10° ions per cubic centim, occur in the 
saturated emanation contiguous to the surface of the phosphorus grid. 

If the emanation of phosphorus is ionized air, ( = 1.5 em/see (Thomson, 

Rutherford, Chattock) and n, = 8.6 x 10‘, agreeing very well with J. J. Thomson’s 
4x 10‘ as the number of ions in air ionized to saturation by the X-rays. 
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14. Electrolytic mechanism.—If, instead of U=1 em/see for the field of 1 
volt per centim., the absorption velocity found in the preceding chapter as 3 k= 
9 cm. (approximately) were taken, the number x, would be of about the same or- 
der. In such a case however, from the implied absence of an electric field, a 
special mechanism of electrolysis is in question, The following is the point of view 
taken : 

Let & (replacing 3%) be the ion velocity of the phosphoric “dust” particle, 
normally to a charged wall, A, figure 7. The prism of charged air, figure 7, which 
reaches A will, for any appreciable length in the direction of %, be at an average 
potential zero, and its successive layers will on the average show no charge, 
although saturated with the ionized agency stated. Considered non-statistically, 
however, the individual sections at molecular distances apart must convey im- 
mensely different charges successively, the distribution of charge or of potential on 
successive sections following a law something like Maxwell’s, for instance, in the 
kinetic theory of gases. To deal with the problem in this broad form would make 
it needlessly cumbersome, without conducing to the present purposes. It seems 
possible to obviate the question of distribution somewhat as follows : 

Suppose the distribution of potential in the direction / is enormously variable, 
as compared with the potential of A,in such a way as to give preference neither to 
positive nor to negative values. A will lose charge if its potential is instanta- 
neously greater than that of the section which meets it; it will receive charge in the 
opposite case. A at potential zero, therefore, neither receives nor loses charge, since 
the number of sections reaching A carry equal and opposed charges in like distribu- 
tion. If the charge on A is positive, there must be fewer layers which impart 
charge to A, and more layers which withdraw it than in the preceding case, since 
the average charge on the layers is still zero. Thus A will be discharged in the 
lapse of time and this more rapidly as its potential gradient, V//z, is higher. Pre- 
cisely the reverse will happen if A is negatively charged. Hence to avoid the law 
of distribution specified, I suppose that the charge per square centim. on 1 is rela- 
tively so small, that if it is increased 7 times, there will be ” times more layers to 
discharge it under like conditions than in the initial case. In other words, I 
regard the charge on A small enough to correspond to a linear element of the law 
of distribution of charges along the length of the prism, & The rate of discharge 
of A is then taken proportional to V/z. 

If 7 is the total number of ions per cubie centim., and ¢ proportional to the 
average charge (positive or negative) carried by each, Akne is the total quantity of 
free electricity of both kinds promiscuously carried to _A per second. Thus kne is 
the equivalent of conductivity. The rate of discharge of A is thus —d@Q/dt = 
(V/r)Akne where the constant of proportionality is contained ine. The potential 
of the charged plate of area, A, the other being earthed, is therefore V= Vye—4*/ 
in the lapse of time after charging to the initial potential, Vo, V being the capacity 
of the condenser. 

The conveyance of charge into the ionized region would be similarly explained, 
virtually in the way of Clausius. Through any interface in the ionized region two 





EXPERIMENTS WITH IONIZED AIR. 


on 
U 


oS 


such prisms may be imagined travelling in opposite directions, They travel to and 
from a boundary. The motion of the prism / is an abstraction, but if I accentuate 
it here, I do so because in the present investigation with phosphorus it may run 
closely parallel to the actual state of things. When the phosphorus grid is placed 
on a smooth, clean surface, the position of the dises is soon marked by apparent 
grease spots due to deliquescing phosphoric oxide which has diffused across, Vir: 
tually therefore an outgoing current originating in the phosphorus is continually 
kept up, whether electricity is demonstrably conveyed or not. 

To summarize: Instead of operating with the velocity U( V/x), I have used 
the constant absorption velocity, 2, found in the absence of an electric field! There- 
after I have endeavored to account for the inevitable factor V/x, or dV /dax, by 
associating it with the conditions of discharge of the plate, A. 

The only other explanation which I ean suggest would be an hypothesis 
whereby the ions in certain cases like the present are released out of nuclei by the 
presence of a field. In fact, this is, bluntly, about the drift of the computations in 
the above paragraphs, 8 and 9. 


TRANSMISSION THROUGH SOLID MEDIA. 


15. Method—The remainder of the chapter will be devoted to a number of 
promiscuous experiments. I shall endeavor to ascertain whether the ionized parti- 
cles exhaled by phosphorus are accompanied by some form of obscure radiation, or 
whether the reaction is restricted to an oxidation the products of which at first es- 
cape in gaseous form. This is best done by placing barriers of thin material be- 
tween the plates of the condenser, care being taken to prevent the nuclei from 
passing around the barrier, yet allowing sufficient space for access of air. It was my 
plan to fold sheets box-like around the phosphorus grid, kept at potential zero, so 
that escape around the edge would require a passage of 8-10 centims. to reach the 
other plate. This suffices, and the plates may then be placed quite closely together 
on opposite sides of the barrier. Energetic action is secured at a distance apart of 
about 1 centim. 

16. Fesults—The results are given in the following tables, which will be in- 
telligible at once, remembering that V = V10-°%,so that c! varies as —(d V/dt)/ V. 
The insulation of the condenser itself (absence of leakage when the phosphorus 
grid is replaced by an ordinary plate) was frequently tested, often with the barriers 
in place. 


"Remembering that & is to be replaced by 3 4, if but 4 of all the ions travel in a given cardinal 
direction, roughly speaking. 
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TABLE 1o —PRANSMISSION OF PHOSPHORUS DUST THROUGH BARRIERS. 
EXAMPLES OF APPARENT TRANSMISSION. ¢' «d (logV’)/dt & nke. Lp 




































































































ey 
: Observed ; . Observed ‘ 
Barrier, Potential a sae Potential 2 
Difference. Difference. 
volts. 
Hard rubber, _— Same repeated 37.0 O72" 
.156 cm. thick = 32.0 : 
27.2 
22.4 
Insulation 38.4 .002 
Insulation (with paper) 37.6 
37-4 
5 372 
Celluloid, o_o 
.o24 cm, thick None — G 
Insulation .OOT 
ee (with paper) 
Celluloid 
removed 
7 Writing paper. .002 
‘Tissue paper, oro cm. thick 
.003 cm. thick, 
two sheets 
Same (dust .OO1 
Insulation blown out) 
Aluminum, 41 Paper barrier off .500 
.003 cm. thick, 43 
plates 1.5 cm. 45 
apart’ 47 
Aluminum, 50 .oo4 | Aluminum, .002 
.003 cm. thick, large sheet, 
plates 0.8 cm. .003 cm. thick 
apart’ 
Writing paper, Same, air space -002 


.oro cm, thick in front of grid. 





* Probably leakage around the edge of foil. 
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Vv y 
Barrier. Time. becred c Barrier. Time. oes a 
Difference. Difference. 
Writing paper, I 4 40.6 .ooo = ||Same, paper 49 36.0 023 
air space in 7 40.6 bridging loosely 50 34.4 
front of grid. 9 40.6 between plates 51 2.4 
rE 40.6 (conduction) 2 30.8 
Tissue paper, 14 40.4 .o18 || Filter paper, 6 I 31.6 .O1l 
.003 cm. thick, 15 38.0 .o20 cm, thick 2 31.0 
two sheets 16 30.8 3 30.0 
17 35-2 4 29.4 
Same — _ ort Same (larger II 37-4 .008 
sheet), .o20 cm. 12 38.8 
. —_|ithick 13 34.2 
Insulation 5 26 38.0 002 14 33-4 
(with paper) 31 37-4 aaa ree E s = 
|| Tissue paper, 20 BTS .007 
Writing paper, 34 35.0 002 ||-003 cm. thick, 21 36 6 
coro cm. thick 35 34.8 two sheets 22 36.0 
36 34.6 23 35-6 
37 34-4 
Same, with air 39 32.8 ool 
space in front 40 32.6 
of grid. 42 32.6 
43 32.6 





























TABLE 11.—SUMMARY. 





TRANSMISSION OF PHOSPHORUS DUST THROUGH 
BARRIERS. PLATES ABOUT 1: cm. APART. 








Barrier. Thickness. Gi Date. Barrier. Thickness. c Date. 
Tissue paper .006 cm. | .og2 |Feb. 3, Aluminum 003 cm. | .003 |Feb. 4, a.m. 
a S .006 018 4, A.M.||Another sample .002 P.M. 
& a .006 .007 4, P.M. 
Celluloid .024 cm. | .000 
Writing paper oro cm. | .072 |Feb. 3 
fe a .OTO | .002 4, A.M.||None _— A — 
$ “f .002 4, P.M. 
Insulation 002 — 
Filter paper .o20 cm, | .orr |Feb. 4, A.M. 
Another sample | .020 .008 4, P-M. 





























The last table, 11, is a brief summary of the results. 
transmit the emanation in small quantity, depending on 


Porous and tissue paper 


circumstances not easily 
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made out. Usually not more than a few per cent. of the emanation will pass even 
under favorable conditions. The large values found for writing and tissue papers 
were not again obtained in many subsequent experiments except in a single instance. 
They may be errors, though careful inspection of the results revealed none. It is 
also possible that the emanation from phosphorus may be different in quality under 
qualitatively different circumstances apart from intensity. | 

The general result obtained is thus definitely against any obscure radiation, 
The emanation passes with great difficulty and loss in quasi-gaseous form even 
through very thin porous barriers. It is stopped by impervious media, however 
thin. Oiled tissue paper cuts off the ions unconditionally. Negative leakages are 
sometimes observed with such barriers as celluloid, due no doubt to static charges 
produced by friction. One is also easily misled by conduction. 

17. Eijfect of temperature, ece.—It was thought that temperature might possibly 
have some discriminating influence on the charge in relation to its tendency to pass 
through paper. The following experiments were made at low temperatures with 
this quest in view. 


TABLE 12.—TRANSMISSION AT LOW TEMPERATURES, @ = 12°. 














| | 
Observed | | Observed 
Barrier. | Time. Potential fn Barrier. Time. Potential Ce 
Difference. | Difference. 
[--- a ee 
h. m. | h. m. ; 
None. | 3 13 54.0 | .001 || Writing paper, 5S) | 0 55ss .007 
P. removed. 44 51.0 | .or cm thick. 59 | 54.6 
oe 53-7 
I I 
None. 45 55-5 181 22 
P. in place. 46 34.2 - a 
12°. 47 22.8 Writing paper. 4 14 55-5 .000 
48 15.6 P. removed. 15 55-5 
| (Insulation.) 16 55.5 
17 55-5 














No effect is detected. 

The following experiments, table 18, show curious incipient permeabilities ’ 
decreasing in the lapse of time, afterwards to be regained. The large values for 
tissue paper and larger values for filter paper (c’ = .05 to .06) have thus again 
heen obtained under trustworthy conditions. Change of the sign of the charge is 
without effect. 


‘In recent experiments I have demonstrated the penetrating potency of moist phosphorus 
emanations. 
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TABLE 13—PROMISCUOUS RESULTS WITH BARRIERS. 























Barrier. Time. c Barrier. Time. c 
| 
hi =m: | {eke 
Fresh tissue, double. Tol 4 .084 [Filter paper. | 10 56 | 053 
e: plates apart. 9 fO5T 7 en| “plates apart. | 61 055 
later. 31 (O67 ant| | nan al ; 
‘© oppos. charge. 38 066 | \ de en 
x pam lately: Dr 20 .oos _||Double tissue paper. 
“ ‘“ plate scoured.’ 48 O10 | Charge + 3 32 044 
——e || fe 4 37 .OS1 
ta aa 2 .048 
Writing paper. TO 50 .002 | ri at 46 | .o50 
Fool’s-cap. ae tireee ie .003 | co 4 10 047 





IONIZATION IN OTHER DUST PRODUCERS, 


18. Concentrated sulphuric acid—In conclusion I will briefly advert to a few 
endeavors to detect ionization in other dust producers. The method consists in 
blowing dust-laden air between the plates of the condensers, the current entering 
the center of the earthed plate and escaping at the edges. Thus 86,000 cubic 
centims. of air, bubbled through concentrated sulphuric acid in about 6 minutes, 
produced an electric leakage equivalent to but c’ = .0005, while the leakage of the 
condenser before the experiment was ¢’ = .0010. Hence the effect is increased 
insulation to the exclusion of all ionization, The same air current tested in the 
color tube gave an intensely opaque field, showing a condensation producing potency 
of high order. 

19. Ammonie polysulphide. — Ammonic polysulphide tested in like manner 
gave similarly negative results, About 80,000 cubic centims., passed in five minutes 
through the condenser, showed no leakage whatever, whereas the insulation leakage 
was originally equivalent to ¢ — .0006. In this case, however, the current pro- 
duced only just perceptible darkening of the field of the color tube, evidencing 
therefore but slight tendency to produce condensation. The effect of this reagent 
on the color tube is in general very fleeting. When evaporating from the stopper 
of a bottle it is very active, but only momentarily, as a rule. If, however, the 
current of air is replaced by a current of coal gas (which is itself somewhat dust- 
laden, as appears when the test is made with the color tube), the effect is much 
more persistent. Indeed if the air of a large room is rendered impure in this way, 
it reacts on the color tube for a longer interval than under any easily producible 
conditions which I have found. The fleeting nuclei from ammonium polysulphide 
seem therefore much more stable when preserved out of contact with an oxydizing 
medium like air, and the same is true of sulphuric acid in a measure, and for sulphur 
itself. The data follow in table 14. It should be noted that coal gas bearing the 
very active nuclei is just as inactive electrically as air 


‘Increasing ¢’ to .o10. > No effect. 
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TABLE 14.—NON-IONIZATION OF DUST FROM CONC. SULPHURIC ACID AND 
AMMONIUM POLYSULPHIDE. ; 





























Remarks. Time. Volts, ¢ Remarks, Time. Volts, o 
h m h m 
85,700 cub. cen- 21 36.4 .0005 ||Coal gas. T0535 39-0 .000 
tim. of air bub- 23 36.4 36| 38.7 
bled through sul- 25 36.2 37| 38.7 
phuric acid. 271) Oy 38| 38. 
Insulation. 0010 |\Coalgasbubbled| 2 52) 37.5 .0O1 
es |= __||through ammo- 53 By 
nium polysul- 54i| 372 
80,000 cub. 45 35.6 .0000 = |phide. 55 36.9 
centim. of air 47 35-6 
bubbled through 49| 35.6 
ammonic 50 35-6 Coalgasbubbled| 4 17 38.1 .000 
sulphide. through sulphu- 18 37.8 
jric acid. 19 37.8 
20| 37. 
Insulation. .0006 z amie ‘ 
Air. Aa 37-4 .OO1 
Air. Tr? 1322 39.0 .000 14 37-4 
a7 39.0 15 37-1 
34| 39.0 16) 37.1 
35 39. 











I conclude, therefore, that neither Kelvin’s nuclei nor Aitken’s “ dust” particles 
have yet been downed by the wily ion. I admit that an electric field may sometimes 
stress ions out of them, leaving the nuclei to do the condensation. 





CHAPTER V. 
SIMULTANEOUS ELECTRIC AND VOLUMETRIC GRADUATION OF THE COLOR TUBE. 


1. The problem stated —After graduating the color tube in terms of the volume 
influx per second of air saturated with phosphorus emanation, it is next necessary 
to investigate corresponding data for the degree of ionization of air as related to 
the color effect. Indeed both graduations may be made simultaneously by passing 
a known volume of saturated air per second through a suitably constructed tubular 
condenser, and observing coincident values of the electrical leakage of the latter 
and the color of the enclosed steam jet. Clearly the colors of the tube will each 
correspond to a definite electrical current passing through the condenser. More- 
over, while the volumetric equivalent of a given color is dependent on the degree 
of saturation of the phosphorus emanation conveyed by the current of air, the 
electric equivalent should be independent of it. The final graduation cannot at 
once be carried out, however; for in the case of the color tube constructed and used 
as below, the nuclei are injected into the air current maintained by the steam jet. 
An arbitrary element is thus introduced, and the results will only be comparable 
when all observations refer to a tube the action of which has been left quite undis- 
turbed. ‘True, there seems to be no objection to putting a vane anemometer into 
the influx pipe (enlarged) of the color tube, in which case the arbitrary factor 
would be specified ; and other methods of eliminating the factor will be indicated, 
but the data following refer to the earlier methods of experiment. 

2. Apparatus.—In figure 1, CC’ is the color tube, with the jet j, the ther- 
mometer 7) and the influx pipe CO’, bent for convenience. KL is the tubular con- 





denser, consisting as shown in detail in figure 2, of a brass tube d, .6 centim. in 
internal diameter and effectively 50 centims. long, surrounding a steel rod a, .318 
centim. in diameter, coaxially. Rod and tube are separated symmetrically through- 
out by the short hard-rubber tubes, 4, at each end, fitting over the rod and within 
the tube, snugly. Thus the cylindrical shell (air space) is but .141 centim. thick 
and 50 centim. long, and the condenser is adapted to bring to bear a high potential 
gradient (the shell of air being as thin as admissible in consideration of flexure) 
along a considerable length of air column conveying phosphorus nuclei. The out- 
side of the condenser (figure 1) is permanently put to earth, while the rod inside is 
in metallic connection with the electrometer needle, as suggested in the figure at 7. 
A suitable key is added (see figure 1, Chapter IV., at S 1) in order to conveniently 
charge the rod. Upwards of 300 volts were applied. Notwithstanding its slender 
dimensions, no difficulty attended the use of the condenser. 
61 
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The air from a gasometer train after passing the desiccator ()) and the stop- 
cock Fis charged with nuclei by the ionizer , containing pellets of phosphorus 
between strips of wire gauze. It then traverses the condenser LA, and thence 
enters the color tube. The gasometer has already been described (figure 1, Chapter 
I.), where J/ is a large Mariotte flask, V the volume flask, U the pressure gauge, 
DP the desiccator. 

3. Method and results —The method of observation was as follows: the two 





m 


Fic. 1.—Disposirion oF CoLor TuBe, CONDENSER, ELECTROMETER, AND GASOMETER TRAIN, SCALE yy. 
Fic. 2—TUBULAR CONDENSER SLIGHTLY ENLARGED, 


sets of data to be obtained, viz., the readings at the volume flask and at the electrom- 
eter, were taken in consecutive minutes, the stop-cock /’ having been previously 
adjusted to show any desired color in the steam tube. From observations at 15 
seconds apart at the gasometer flask, I obtained two sets of results for the discharge 
of air per second, the pressure of the jet (p), the temperature of the inflowing air 
(6, by the thermometer 7’ in the figure), the pressure of the air in V and its 
temperature. 

Meanwhile the condenser had been charged to its full potential, and after 
breaking the charging circuit, the leakage of the electrometer was observed each 15 
seconds. This furnished two sets of data for the initial electric current. 
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The experiments with the train of apparatus described usually progressed 
smoothly. ‘The data are given in table 1, which is divided into three parts, refer- 
ring respectively to the steam jet, the gasometer (volume conveyed per minute, 
V, being the essential datum), and the electrometer. It was thought superfluous 
to reduce the air volumes to normal conditions as the fiuetuations of pressure (pres- 
sure excess, ») and temperature (4) are relatively insignificant in view of the vari- 
ability of the ionizer. For the steam jet, the pressure, p, and temperature, 6, are 
also practically constant (See Chapter II). Relatively to the electrometer series, the 
two initial potential differences, 4, are given as obtained immediately after, and 15 
seconds after charging. These are needed in the reductions. The potential in 
these experiments usually begins with about 40 volts. The table also contains the 
value of #/#’, for observations half a minute apart, two of these being available 
for each color as specified. The current was computed as follows: For a very 
short time after charging the fall of potential is appreciably logarithmic. Hence, 
E/ E' = 10-**-") may be assumed, where # and 4’ are the potential differences at 
the times ¢ and ¢, in minutes, and «wa constant for a given color in the tube. 
Hence —O(dH/dt) = CHx In 10 = 7, if Cis the aggregate capacity of the electrom- 


55> 
eter and the condenser, and 7 the current flowing radially through it. Since log 
(4/ EF’) = —a(tt’), or —x = dlog//ct, the table furnishes these data with /, to 


compute 7 relatively, and it was thought superfluous to supply the factor (C/ln 10)/60, 
sharply. Its estimated value is about 230/60, as the combined capacity of the elec- 
trometer (60 cm.)and the condenser (39 em.) is about 99 cm., roughly. This would 
make (’'= 1.1/10 farads and the factor (Cn 10)/60 = 4.2/10". The table shows 


a few of the values of 7, in amperes. 


TABLE 1.—COINCIDENT REGISTRY OF THE GASOMETER, ELECTROMETER, AND 
COLOR TUBE. 

















Steam Jet. Guoneen Electrometer. 
Color. ps 6 ay an Pisces, E RIE’ eae is lblte ota 
Blue Gio crieo clear ao 2.70 39.0 volts 72 2852 =~ | 48 amperes 
2.40 33-3 68 -3348 
BI.-Bl. Gr. |6.5 29 |5.8 30 ioe 36.8 = oe 28 
Green (65 29/59 30] 20 | Sp8 en long Te 
We | | eee) ee 
Wi-0p. |65 29°50 30°], 382 | 400 ea ae ae es 
Violet-+ 6.5 5.5 Reet See 2 ae 2 
Pee 258) | 5, | S63 apes Gee 
Teh | ee |e |e are a 
| | 











‘ Yellow marked YI’ is of the 1st order, the other, YI, of the second. 
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Steam Jet. el Gasometen ae Electrometer. 

Colon |. esd eae | Hits Ok Ejz" | z= — Shee i X 10? 

: oe poe e 
nue- [6s ato sot] $28 ee Sec | “ceeeee atte 
Green 67 ay4s8 | $5 | Sas |p | esos | 
elles, Gh anes so | 383 | oe | oe |= 
se lice Poneman Pee re 
Gren |- ho | te | Ses || ae = 

es | a cae ee Se ae 
wae ee ee ee 
Violet 7.5 5.5 ae a ee | ee 36 
ormee- feo ass | ae Be | | ae Ie 
Green 6.0 \5-8 i ee = | ae ze 
Bl.-Gr. 6.0 21°\5.8 a ee - ee ef: 
Yl-Green |6.0 \5.8 2 oe 3 mee be: 
ue ss tgs oo] | Bo | |e |S | 

ale 9S s | Be 
Viol.-Op.* | .5 25°|5.0 24° ae lees za a = 
Peo A rea fe oe eee ee 
me [a be Ee eee 
cet ios boy Pe a | ae | 
Yellow 1.0 25°\s.9 es ae se pe | Be 
ce fo asso | | he |e | tes |= 
dis | ee ee) eee 
put |- ka | 3 ee | | Se |S 
nave Fe a) eee 





In the chart, figure 3, I have constructed « = 60 7/#C|n 10, which in view of 
the nearly constant initial potential differences 4, varies as the current @, in its 
dependence on V. The linear character is apparent. The colors ( Y, yellow, B +, 
dark blue, B —, light blue, G, green, O, opaque) are inserted. 

4. Effect of presence or absence of electric field.—The effect of the presence or 
absence of this electrical current on the color tube is quite inappreciable, no change 
of tint or suggestion of change occurring on charging the condenser. I gave the 


' Initial field yellowish. Initial field bluish. Less steam taken. 
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question an additional and specially severe test as follows, showing that only an 
insignificant part of the nuclei present take part in the convection of electricity 
radially across the condenser. 

The question is as yet an open one, whether, after all, the condensation may 
not be promoted by a distinct set of nuclei from those which convey the electric 
current. The two, however, must in the same series be produced proportionally to 
each other, the nuclei being later stages of growth or clusters of ions, or produced 
in other ways one from another, for instance. The factor may vary in different series. 

The observations were made by looking down the color tube, figure 1, through 
the window n, after adjustment had been made at #’ for a given color and then 









































Ome ! 2 0 | 2 3 Qo | 2 0 ' 2 3 
Fic. 3.—SIMULTANEOUS VALUES OF THE ELECTRIC CONDUCTION, AND VOLUMES PER MINUTE OF THE 
NEARLY SATURATED EMANATION TRAVERSING THE CONDENSER, 


alternately charging and discharging the condenser. For potential differences of 
60, 150, and 300 volts and for all available colors, not a trace of color fluctuation in 
the steam tube was to be observed, due to charge or discharge. A slight turn at 
F' immediately changes the tint. 

The result admits of quantitative expression. From the chart it appears that 
color differences of .06 lit/min (blue=1) can certainly be detected. This 
amounts in the blue region to 6% of the total number of nuclei entering. The 
potential gradient was 300/.141 = 2100 volts/centim. Hence even in this strong 
field the total number of nuclei is still overwhelmingly large as compared with the 
number conveying current, unless different nuclei discharge the divers functions. 

5. Remarks on the observations.—On the other hand, however, the current 
varies with the number of nuclei present, no matter how small the relative quantity 
actually promoting electric conduction. This is well shown in the chart, figure 3 ; 
also in figure 4, which both graphically reproduce table 1. The radial electrical 
currents or their equivalents, 7, are given as ordinates, the corresponding volumes 
per minute ( V ) of the air passing longitudinally through the condenser, as abscissas, 
The relation of saturated volumes per minute longitudinally, and coulombs per 
second radially is thus apparent for the 2d and 4th series. 
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The curves, figure 3, contain all the data in hand, the different series of 
observations being distinguished by lines in different positions. Each series con- 
forms pretty closely to a straight line, but these lines differ in inclination for the dif- 
ferent series. The colors corresponding to the observations are also added in a 
suggestive way. Their real positions are not the same in all series, electrically, but 
they are so volumetrically. 

The two most nearly satisfactory series of observations are given in the chart, 
figure 4. The curve is in both instances clearly linear. It is noteworthy that the 
colors referred to volumes of charged air per minute (abscissas, V) are again in 
agreement, whereas the electrometer data referred to the same color’ differ, Some 
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Fic. 4.—SIMULTANEOUS COULOMBS PER SECOND (RADIALLY) AND VOLUMES OF THE SATURATED PHOSPHORUS 
EMANATION PER MINUTE (LONGITUDINALLY) TRAVERSING THE CONDENSER. 


variation of the constant cf the electrometer, if in question, would have shown 
itself in the initial potentials ; but these (about 40 volts) are nearly constant. 

6. Working hypothesis.—I shall next endeavor to account in some theoretical 
way for the observations just described, seeing that the data as a whole are very 
satisfactory when the inherent difficulties (fluctuating ionizer, color criteria, etc., as 
repeatedly detailed) are taken into consideration. The method pursued will be 
alike in principle to that already applied to tubes in the absence of an electric field 
in Chapter III. The complete equation is to be deduced and the numerical reason- 
ableness is then to be tested when the decay of the ions within the ionized region 
is ignored. 

Let & be the absorption velocity, so that kn particles are absorbed per second 
per square centim. by any barrier, 2 being the number of particles per cubic 
centim. As usual if but 1/3 of the particles travel in any given cardinal direction, 
kis to be replaced by 3h. Let k'n* particles decay within a cubic centimeter per 

' Elsewhere I shall show that the degree of desiccation of the phosphorus nucleus will account 
for the difference of slope. 
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second, as the result of mutual destruction! or otherwise. Let be the longitudinal 
velocity of the current of air within the tube conveying the emanation through the 
condenser, eventually to discharge it into the color tube. Finally let 7, and 7, be 
the internal and external radi of the condenser. Consider the element of volume 
between the two right sections of the condenser, d/, apart. The accumulation 
within the element is — 2 (73—7?) v (dn/d/) dl; the loss by decay within the ele- 
ment is per second h'n*z (r3—7r?) dl; the absorption at the walls (internal and 
external) of the element is per second An2z7 (7, 4+-7,) d/. Hence in the stationary 
condition, —v(dn/d/) = k'n® 4+2nk/(r,—r,). This equation is integrable in finite 
form. To determine the constant of integration let 7, be the saturation at the 
right section 7, of the condenser. ‘Then 


A — (Oi, al a 5 \ ¢ 2k(U=1o) v2 - Ty 
2hn,/n = (2k + kn, @y—7,) em er) —kh'n (7. —71), 
an equation containing n in terms of the variable / and the ne eee ESI, 
v, 7 7" Paly) Lim — Oland 7, =, the equation in Chapter IIT. is again deduced. 


7. Decay et will now continue in the manner usual in this memoir 
and ete k&=0. Thenn=n, /2e*-'/s-"), where n, 1s the number of particles 
at the right section 7, of the condenser, and n the number at /. Thus » depends 
essentially on / and is not, as in the preceding and following chapters, independent 
of it. Moreover # is to be replaced by 3% as already intimated, the latter being 
nearly identical in numerical value with U of the next paragraph. _ 

8. Lfect of an electric field—Supposing this number of particles to be actually 
conveying electric current, or, from a different point of view, supposing that one ion 
is separated in case of the phosphorus emanation from each of these nuclei by the 
stress of the electric field, the current may be found as usual. Or the other theory 
developed in my last paper may be applied, remembering that the effect of the 
presence or absence of the electric field on the number of nuclei is Inappreciable as 
demonstrated by the color tube. 

Let # be the difference of potential of the faces of the condenser (potential 
of the inner rod since the metallic envelope is continually earthed), U the velocity 
of the positive ions relative to the negative ions in the unit field, @ the charge of 
the condenser, C/its capacity. Then the charge per second at the element d/ is 
Qn HUne (r, +7,) di/(ry—1,) in consequence of radial conduction across the 
ionized air space. The total loss of charge per second is d@/dt = Cd L/dt, whence 


RnUe(rat Ti) fe ndt = — ¢E/at 
1 E 


C(ra—11) 
If now the value of w=, 24 Wen: -n) just found for #’ = 0 is inserted and the 
integration completed, the result will be 
— (dE/dt)/ B= eteeee (1 — gE belintret)), 
It is next necessary to evaluate the velocity v (cm/sec) in terms of the volume ue 
(litres/minute), taken out of the gasometer and passed through the condenser into the 
color tube. Since V 1000/60 = x (73-77) », the datum V if inserted into the last 


equation reduces it eventually to, 





' Note that if decay is absent, ions may be supposed to be separated out of the nuclei by the 
stress of an electric field and not to occur in the absence of the field. 
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— (dB /diy/ B= oer, (4 — 9 AMI) Oat?) 

or — (dE/dt)/H= KV(1 — e-””), where K = 16.7 Uen, /kC(r, —1,) 

and L= .376 &(/—1,) (r, + 7,). 

9. Numerical comparison—Case of U = k.—Instead of computing the current 

i= U (dE /dt), I have considered it preferable to deduce 
— (dE/dt)/H= — \n 10 é(log #)/ét = In 10 @/60, 

in paragraph 4, table 1, seeing that 7 there is referred to minutes: for this result is 
almost at once given by the observations. Thus «= AV (1—e-“") x 60 x log «. 
On consulting the chart, figure 3, however, z/ V is seen to be constant in one and 
the same series, to the extent in which the observations are trustworthy. Hence 
finally 7/ V= 26 A (1—«-”") is the convenient quantity ’ for a general survey. 

Moreover it will at the outset be expedient to assume U = &, for the saturated 
emanation, where U, the ion velocity in the unit field, may be taken as 1.5 
centim./sec, and where & is equivalent to 3/, admitting roughly that ”/3 ions 
travel in a given cardinal direction. In my second paper L=.9 cm/sec was directly 
found in the absence of an electric field for the emanation not quite saturated how- 
ever. In my first paper I gave experimental evidence showing that / may be 
looked upon as decreasing with the degree of saturation 7. Indeed it will appear 
presently that if 7 =, it makes little difference within certain limits what its 
absolute value is; for in such a case it practically vanishes from the equation. 
Thus either of the values given for UY and for / will suffice for the discussion, and 
in the absence of detailed knowledge as to the nature of the phosphorus emanation, 
whether ionized air or not, the stated premise is a convenience. 

Hence the following values make up the constants A and L: 

=k = 1.5) cm/sec: f,—?, = 14 cm, 1—1, = 50 em, 

EH = 40 volts, ro+r, = .46 cm, C= 1.1/10" farads, 

e= 2.3/10 (J. J. Thomson), 

n, =4 x 10* (J. J. Thomson ; together these values follow also from the 
present series of experiments, but from different hypotheses). Thus 

26 K= 434K 16.% XK 2:38 K 105" x 4 x 101 0 a x a ee 
since (7 = k: cancels out; 

Li= 8716 X 15x50 x 46 = 130; 
The following table is thus computed from #/V = 264 (l—e-""): 


V 1 2 3 1 5 litres/minute 
a/V= .26xX1.00 .26X1.00 .26%.99 26% .96 .26 x 93 
= .26 = .26 =,20i = .250 = .242 


Hence within the limits of observation (V <4 litres/min), «/ V is appreciably 
linear, compatibly with the evidence of the four series contained in the chart, 
figure 3. 

10. Slopes of the loci—The slope, x/ V, of the computed values is, however, in 
every case definitely above the slopes found by experiment, which as taken from 
the chart are, 

‘26 K = 434 Uen,/kC (rg—7,). The electric conductions, «, might have been left referring to 
minutes, like the volumes V, but for convenience in other computations. 
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Series 1, 2/V=.13, Series 38, w/V =.10, 

Series 2, a/V=.12, Series 4, v/V=.16. 
Quantitatively, therefore, the assumption U = / makes the computed data of #/ V 
from 1.6 to 2.6 times too large. To improve this result one would thus have to 
write V<k. Now since there is evidence in my second paper that & decreases as 
the degree of dilution increases, and since # when experimentally ( <) found 
comes out smaller than the value assumed for U, this inference is not tenable, & 
being simply the absorption velocity for the average concentration in the tube. 
Again U>&, though presumable from the earlier work, is strongly negatived here. 

Moreover the variability of the slopes #/ V, observed for the different series, 1 
to 4, clearly with an inherent cause since the slope for a given series is determinate, 
is additional evidence in this direction. 

In a color tube left entirely without disturbance, the color must depend on 
Vn, the total number of nuclei entrapped. Thus the color may be reckoned 
as Vn =Vn,e-/". The same color should appear if Vn = V'n' = const., if the 
saturation decreases as the volume supplied increases. The ratio of the electric cur- 
rent in the condenser or preferably the conduction, a, of the ionized medium to the 
color constant is thus #/ Vn = 434 Ve (e”” —1)/Ch(r, —7,), which is independent 
of the initial saturation n, but varies with V. Thus, although two volumes, 
Vand V’, produce the same color (Vn = V'n’'), they will nevertheless correspond 
to different conductions, z. Hence the variable slopes of figure 3 for the different 
series. There, is however, an outstanding difficulty requiring further observation 
for singularly enough the volumes alone appear to determine the colors in the chart 
rather than the quantities Vn. 

Solid conductions and other leakages were not found in the tests made, in 
quantity to be menacing. 

11. The number of particles—-The probable explanation of the discrepancy 
(leaving the ratio U//k in abeyance) is that the value x) = 4 x 10" inserted is too 
large ; for the emanation within the condenser is not saturated to begin with. It 
enters and leaves unavoidably from a certain length of influx tubulure, ¢ in figure 2, 
insuring absorption at the outset. Unfortunately my notes do not supply the 
details of adjustment, as I did not suspect their importance at the time. But if 
they did the loss at the elbow at both ends of the condenser would remain as a 
vague but definite cause of ion dissipation. 

On the other hand the value of », which the observations demand is easily 
computed from the observed values of w/V = 26K, nearly, and from these very 
satisfactory inferences may be drawn. 

Solving therefore, 

ny = Seer, 
where as before U =k may be assumed for orientation. 

The extreme values of v/ V experimentally obtained were, / V = “10 im series 
3, and a/ V =.16 in series 4. Hence the values n, = 1.5X10' and n, = 2.4X 10° 
are computed for these extremes. Recalling that 4 10‘ is the number of particles 
per cubic centim. inferred for complete saturation, and that 7, is the number at the 
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initial section of the condenser contiguous to the hard-rubber plug, where many 
ions must already have vanished by absorption, I hold the value of m, stated to be 
in reasonable accord with the theory sketched in $$ 6-8 and throughout the course 
of the present chapters. 

12. Origin of k—With me the belief is gradually gaining ground, and will be 
further qualified in my next chapter with spherical condensers, that the absorption 
velocity / is a constant, irrespective of dilution, and that the evidence to the con- 
trary obtained in my second paper with very wide absorption tubes (2 inches in 
diameter) must be otherwise interpreted. These results were at the outset not 
very satisfactory, and one may reach other conclusions than the immediate ones 
there stated. In speculating on the origin of /, considered as a nuclear constant 
one is confronted with this question: If the nucleus is larger than the molecule, as 
I believe it is, it will with increasing size be more liable to the bombardment of a 
number of molecules at the same time, promiscuously in all directions, whereas the 
molecules themselves collide singly ; therefore, how large must a nucleus be made in 
order that the molecular velocity of, say, 485 meters/second may sink to the value of 
only about 1 centimeter/second both as the result of increased inertia and of the 
increasingly unfavorable conditions of bombardment ? 





CHAPTER VI. 


THE BEHAVIOR OF THE IONIZED PHOSPHORUS EMANATION AS THE DIELECTRIC IN 
SPHERICAL CONDENSERS. 


1.—In the preceding chapters it was assumed that the conditions could be so 
chosen (swift air currents, highly active ionizer, etc.), that the decay of the ioniza- 
tion might be temporarily disregarded. Such an assumption is naturally precarious, 





























Fics. 1, 2.—SPHERICAL CONDENSERS. FIGS. 3 TO 15.—CHARTS SHOWING SUCCESSIVE ELECTROMETER DEFLEC- 
TIONS (s), AND THEIR DERIVATIVES, IN THE LAPSE OF TIME (¢), FOR DIFFERENT RADI (2) OF THE CONDENSERS. 
Kn, =Rd(log V )/dt. 


and the following series of experiments are planned with particular reference to the 

factor ignored. Accordingly a closed spherical condenser was installed, with its 

outer surface put to earth and its inner (concentric) surface, always very small, in 
71 
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contact with the charged electrometer. The intervening space was suitably ionized 
by asmall piece of phosphorus, about as large asa split pea, suspended at the center. 
From such a condenser no ions can escape; it therefore offers greater theoretical 
simplicity than the plate condenser as discussed in Chapter IV., while the two dis- 
criminating variables, radius 2 and voltage V, may be changed at will. Practically, 
however, the experiments are very difficult not only because of the baffling irregu- 
larity of the ionizer, but because it is not easy to lead a charge to or from the 























Fics. 3 TO 15.—CHARTS SHOWING SUCCESSIVE ELECTROMETER DEFLECTIONS (s), AND THEIR DERIVATIVES, IN THE 
LApsE OF TIME (/), FOR DIFFERENT RADII (2) OF THE CONDENSERS. An,=ARal(log V \/dt. 


center, without conduction. Nevertheless the results as a whole show, I think, that 
decay due to the mutual destruction of ions is virtually absent in the saturated 
emanation, and that increased dilution effectively generates new ions. 

2. Apparatus.—A series of Kénig’s resonators seemed very suitable for the 
present purposes, since they were at hand in a large range of diameters, and figure 
1 shows the original adjustment. JZ? is the brass resonator; B the curl of wire 
making the inner surface of the condenser, and supporting the piece of phosphorus 
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P,, Cis an insulating glass tube 30 centims. long, through which the charge is con- 
veyed by the wire ad, to be dissipated in the condenser. The tube Cis grasped by 
the hard-rubber sheath # £2 is thus in contact with the electrometer, and the 
rapacity of the latter (about 90 em.) is always large as compared with the con- 
denser (negligible here and less than 1 em. in the experiments below). J is a 
perforated copper plate closing the condenser and putting it to earth at 7. 

3. Introductory observations—TVhe early experiments made with this apparatus 
(Resonator, K6, diameter 2=8.6) are given in figure 8, and they seemed to indi- 
cate a linear relation of potential and time at least within the first 7 minutes. 
This constant current was not appreciably modified by stopping the lower tubulure 
of the resonator with cotton (removed stopper, curve 5), nor after vigorously airing 
it out (2, 4); neither is there any marked change of current even after 30 minutes 
(2, 3). The figure also shows the degree of insulation (“Ins.”) attained. The 
currents (rates) expressed in scale parts and seconds would here be .01. 

This interesting result was not, however, borne out by longer periods of 
observation (20 minutes), as shown in figure 4. Marked curvature is now in 
evidence which does not seem referable to conduction leakage. Moreover the condue- 
tion decreases in succeeding curves, apparently indicating a diminution of the ion- 
ization due to the phosphorus. The initial rates or currents are, roughly, .015, .018, 
.012, respectively, for the same condenser. Possibly the activity of phosphorus 
may be quenched by its own emanation in the lapse of time, but the discrepancy is 
liable to be thermal. 

A systematic series of experiments was now carried through with receivers 
ranging in diameter from 22=3 to 2=23 centims., as detailed in table 1 and by 
the charts figures 5 and 6. In all cases of figure 5, time (¢) in minutes is the abscissa, 
and the corresponding potential in scale parts (s) of the electrometer, (roughly, 8.4 
sc. pts. are 40 volts), is the ordinate. The mean rate 6s/6é¢ is computed in the table 
for the first 5 minutes of observation, using readings made about one minute apart. 
This curve is drawn in figure 6 where the abscissas are diameters, 2/2, in centims. 
The same chart contains in its upper part the dependence of the quantity 
6 (log V)/Ret on diameter, to be discussed below. In figure 5 the insulation 
(“Ins.”) of the apparatus is shown. 


TABLE 1.—ELECTRIC LEAKAGE OF SPHERICAL CONDENSERS. 














|| | 
No. | Rates : | No Rates : 
Diameter, D | Time? Deflection s 6s/d¢ and | Diameter ate Time /| Deflection s | 6s/d¢ and 
Tempt. 9 | | n, K= R6(log V)/6e|| ~ N°" a | n, K=RO(log V)/d¢ 
— — — — | a ooo ie ~ ~ | —_ > = — 
K oo om.| « 8.40 -O145 AK 20 15 m.| 8.40 | .0120 
V2 OnGMy | ad | R30 120 D= 3A Cms|| L0 7:55 097 
; ene 6.50 106 | | 17 | 6.90 86 
=29.2> 3 5.80 | | | 18 6.30 
AS £5 | LOE yi) 4 5-OORt hI 
Nees | 4.60 .00134 | 2 | 5:35 .OOTI7 
eno | 4.10 | 126 || | 21 | 4.90 108 
a Nl eat | 125 | | 22 4.50 104 
10 2.65 | | 25 S20 
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TABLE 1 (continued) / 































Nop \taeebel sujbeand ie 
Diameter, ‘ime ¢ Deflection s s/6¢ an : r 
Tempt. 6 | a, Keke lee¥ 8 Diameter, etc. 
— ——- —_— 
K 17 | 30m.) 8.40 -O100 K 6 cont'd 
D=3.9 cm. I 7.65 081 
2 7.10 075 
3 6.60 
4 6.20 
5 S575 .00113 
6 5-40 098 Ks 
7 5-10 099 D=10.4cm. 
4o 4.20 A=29.0° 
K 14 45 8.45 .0100 
D=4.7-cm:.| —6 7.70 086 
vi] 7.10 078 
8 6.65 .0088 
9 6.15 .00136 
50 5.70 128 K4 
H 5-35 ueS D—=73270 G0) 
55 4.00 
K 12 59 8.45 .0106 
=5.1 cm. | 60 7.70 089 
1 7.15 086 
2 
3 6.10 00158 
4 5.60 143 K 3 
5 p05 152 D=17.6 cm, 3 
9 3-9° 4° 
~S |) ee eee eeee 5 
6 
K 10 73 8.45 -0103 5 
D=5.7 cm. | 4 7.65 81 8 
5 ae 69 152 
A=29.0° 6 6.60 
7 6.20 .00169 
8 5.85 144 K 2 157 8.45 
9 5-5° 133 ‘D=23:3/cmi|) io 7.90 
BS eu | ak 9 | 7-45 
: 6=28.6° |160 7.10 
. 1 6.75 
K 8 86 8.40 .0083 2 6.45 
D=6.9cm.} 7 7:70 72 3 6.15 
8 7225 64 7 5.20 
9 6.90 
go 6.40 
I 6.10 00164 Ko ° 168 8.45 
Zi 5-75 ok Repeated 9 7.90 
y H0e ca 170 7-55 
1 7.20 
2 6.90 
K 6 99 8.40 0089 3 6.65 
D=8 6 cm. |100 7.75 75 4 6 40 
69 176 | 5.95 
2 6.80 ' 
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The results of figure 6 are surprisingly irregular, seeing that some pains was 
taken with the work, but they map out a graph of an exponential character to 
which different interpretations may be given. Hither there is a decided falling off 
of the ionizing potency of phosphorus, or the ions are subject to a potential or a 
concentration gradient, or they destroy each other in the lapse of time. These 
cases will be discussed at length below. It will be noted that the room was quite 
warm, nearly 30° C. at the place of experiment. This may account for the remark- 
ably large conductions (6s/ot) obtained in these experiments, as compared with 
the data below. The difference between positive and negative charges was not 
tested. 

4, Modified apparatus.—Before continuing the work it seemed advisable to 
make trials to secure more perfect insulation. It was found to be nearly perfect 
without the condenser (current 7=.0010 se. p.), but uncertain when the condenser 
was installed (¢=.0010, .0005, .0002). ‘This is often too near the data themselves 
(for K 6, 7=.0060 in extreme cases of smallness); but, since the currents are derived 
from differences, the effect of the leak is reduced. No means were found for 
removing it perfectly (paraftine, rubber, ete., were tried in succession with no ad- 
vantage), and a dry, clean glass stem C; figure 1, held in place by a wide hard- 
rubber sheath /, seemed the best remedy. 

Experiments were then tried to ascertain the difference between a condenser 
closed as above and one left open for the stem to pass through, as shown in figure 
2, Here the wire and plug attachment puts the outer surface to earth at A. The 
closed condenser always introduced the larger leakage as shown for instance in the 
graphs | figure 7 for the given condenser K 6. Care was also to be taken to avoid 
friction in manipulating the stem C. 


5. New observations.—Conformably with the experience gained the condenser 


oO 

in the following experiments is left open above, as seen in figure 2, and is put to 
earth at # by a brass plug wedged into the neck. The tube C terminating in the 
ball of phosphorus is kept clean and dry, and extends to 80 centims. above the con- 
denser. Unfortunately there is some escape of ions around the neck, and the access 
of air here is a menace, but there seems to be no way out of the dilemma. 

To estimate the loss of ionizing activity of the phosphorus pellicle, one of the 
condensers Ck 6 and K 4, respectively) was treated as a standard and observations 
were made upon this before and after each of the observations of the other con- 
densers. Table 2 and the corresponding curves, figure 8, are obtained in this way. 
The scheme adopted limited all observations to an interval of 5 minutes. Readings 
were taken per minute, and by dividing them into 2 parts the rates os/dt were 
obtained linearly from data 8 minutes apart. The table also contains other constants 
to be discussed below. In figure 8 the numerals attached to the curves show the 
number of the condenser and the order of measurement. 

Juriously K 6 shows a linear diminution of potential or constant current, while 
in the other cases the currents usually fall off. Again, the values of os/ét for K 6 


. Curves marked “ closed” were obtained before and after the curve marked “open.” This 
eliminates the fluctuations of the ionizer. 
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No., diameter, etc. ¢ Time s Deflection 55/5¢ Rate 


min. sec. cm. cm/set. 
Insulation 35 ° 6.50 00045 
660 6.30 
K6 55 ° 6.60 -0050 
D=8.6 cm. 60 6.30 .0050 
9.3 = 120 6.00 0047 
@=27.8° 180 5:72 
240 5-40 
300 Sans 
K 4 ° 6.65 .0075 
D=3.0 cm. 60 6.15 .0069 
120 5-70 .0062 
27 v/cm. 180 5-30 
240 4.90 
300 4.60 
K 6 12 ) 6.65 0047 
D=8.6 cm, 60 6.40 .0047 
120 6.10 ~ 0044 
9.3 v/em. 180 5.80 
240 5-55 
300 5.30 
K 3 20 ° 6.05 -0025 
D=17.6 cm. 60 6.45 .0022 
120 6.30 0019 
4.5 u/em 180 6.20 
240 6.05 
300 5-95 
K 6 29 ° 6.60 | 0039 
D=8.6 cm 60 6.40 .0039 
120 6.15 -0039 
9.3 v/em. 180 5.90 
240 5-70 
300 5-45 
K 37 ° 6.60 .0078 
Y= 3.0 cm. 60 6.05 0064 
120 5.60 .0058 
27 v/em. 180 5.20 
240 4.90 
300 4-55 
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Se =e a 
Rie aie : aan eee s/S¢ Rate Mean 65/5¢, Mean RE 
o., diameter, etc. ime s Deflection : Rate time. sere R6 (log 7)/5¢ 
min, — sec, cm. cm /set. 
K 6 45 ° 6.60 .0039 .00390 .OO116 
D=8.6 cm. 60 6.35 .0039 122 
120 6.10 .0039 3000° 127 
9.3 v/cm. 180 5.90 
240 5-65 aan 
300 5-40 
K 3 53 fe) 6.55 -OO19 .00168 .OO116 
D=17.6 cm. 60 6.40 .OO17 103 
120 6.30 .0O14 3480° 86 
4.5 v/cm. 180 6.20 
240 6.10 .00216 
300 6.05 
K 6 I o 6.65 .0036 00390 ,OO104 
D=8.6 cm. 60 6.45 -0039 120 
120 6.2 .0042 3960° 132 
9.3 v/em. 180 6.00 
240 5-75 ae 
300 5.50 
Rey 9 fo) 6.60 0056 00500 -00077 
D=3.9 cm. 60 6.20 0047 : 69 
120 5.90 0047 4440° 73 
20.5 v/cm. 180 5.60 
240 ce8s 00615 
300 5-05 
K 6 16 ° 6.60 0039 00418 00116 
D=8.6 cm. 60 6.40 .0042 78 
120 6.20 -0044 4860° 144 
9.3 u/em. 180 5 90 
240 5.65 ——— 
300 5-40 
K 2 24 ° 6.55 .0O19 00178 .00156 
2) 2293\cms 60 6.40 .OO17 136 
120 6.30 .OO17 534°° 137 
3.4 u/em. 180 6.20 
240 6.10 
300 6.00 
K 6 33 ° 6.55 0042 .00428 00127 
D=8.6 cm. 60 6.30 .0042 132 
120 6.10 .0044 5 880° 146 
9.3 u/em. 180 5.80 
240 5-55 .00212 
300 Eg One 
eee ss | = 
Insulation 41 ° 6.60 00083 .00057 — 
120 6.50 .00031 
960 6.30 —: 
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in the lapse of time, figure 9, first show a decrease (.0049 to .0039), thereafter a 
constant variation, finally actually an increase (.0039 to .0043). Hence the factors 
which determine the activity of phosphorus are extremely complicated. Moreover, 
if the observations for the other condensers are corrected by the results for K 6 
(see table 2, column 5), by putting the current for the latter .0050 throughout, the 
new values show worse agreement than the original values. It follows from 
this that the method of correction proposed is not available except as a sug- 
gestion and that the discrepancies to be eliminated are not regular but temporary 
fluctuations, 


TABLE 3.—ELECTRIC LEAKAGE OF SPHERICAL CONDENSERS. V,=40 VOLTS. 
































No., Diameter, etc. Time ¢ Deflection s Rate 6s/6/ Mean 65/6¢ pers 
min. sec. 
K 4 24 00 7-10 .0028 .00230 .OOTTS 
D=13.0cm. 60 6.90 22 094 
120 6.75 19 083 
volt a 180 6.60 
6.2" 0 = 24.4 ia ee 
300 6.40 
K 3 31 00 7.20 .0033 .00267 .00186 
D= 17.6 cm. 60 6.90 22 127 
120 6.75 25 147 
4.5 u/cm. 180 6.60 
240 6.50 
300 6.30 
K 4 38 00 7.30 10025 -00230 .00099 
D = 13.0 cm. 60 7.10 22 gt 
120 7.00 22 92 
6.2 v/em., 180 6.85 
240 6.70 
300 6.60 
K 5 40 oo 7.30 .0036 .00306 ,OO117 
D = 10.4cm. 60 7.00 28 093 
120 6.85 28 096 
7.7 ufem. 180 6.65 
240 6.50 
300 6.45 
K 4 53 00 725 .0031 .00250 .00123 
D = 13.0 cm. 60 7.00 22 og2 
120 6.85 22 094 
6.2 u/em. 180 6.70 
240 6.60 
300 6.45 
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No., diameter, etc, Time 4. Deflection s. | Rate ds/4, | Mean 65/6¢. | R ee 
min. sec. 
K 6 OL co 7.30 .0053 .00480 .OO145 
"316 (em: 60 6.95 47 136 
120 6.60 44 134 
9.3 v/em. 180 6.35 
240 6.10 
300 5.50 
eee = | —— —_ 
K 4 638 00 7.30 .0022 .00230 .00088 
2) = 3 01cm. 60 7.15 22 ogo 
120 7.05 25 103 
6.2 u/cem. 180 6.90 
240 6.75 
300 6.60 
K 5 78 00 7.30 .0050 .00480 .OOTOY 
IDS (Hoy Cian 60 7.00 50 115 
120 6.70 44 106 
11.5 v/cm. 180 6.40 
240 6.10 
O° 5-9° 
K 4 86 oo 7.45 -0025 .00260 00098 
= 53.0).Cm- 60 7.30 25 099 
120 7 28 113 
6.2 u/em. 180 7.00 
240 6.85 
300 6.65 
K 10 93 oo 7-40 .0044 .00400 .00075 
Se eins 60 7.10 39 71 
120 6.85 30 68 
14 v/cm. 180 6.60 
240 6.40 
300 6.20 
K 4 100 00 FESS .0022 .00250 .00087 
D3 Orem: 60 7.25 25 oe 
120 7.10 28 114 
6.2 v/cm. 180 6.95 
240 6.80 
300 6.60 








6. Further data. — Moreover, the data of this table are uniformly smaller, 
scarcely 4 or 4 of the values of table 1, due possibly to the lower temperature of the 
present case. They are insufficiently definite to suggest the form of the locus. 
New observations were therefore needed and were made in the same way, with the 
results given in table 3. The condenser was slightly modified, consisting in this 
case of a sphere of wire gauze about 1 centim. in diameter, containing a much 
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larger piece of phosphorus than above. The larger condenser, K 4, is now the 
standard, admitting of easier adjustment. ‘The graphs, figure 10, throw additional 
light on the results. Numerals on the curves show the order of measurement, ete. 
Figure 9 shows the fluctuations of the standard, K 4, displaced .002 in ordinate. 

~ In table 4 the ionizing activity of phosphorus is exhibited when the condenser, 
K 4, is left quite without interference. A remarkable rise and fall is, as usual, ap- 
parent, without discernible cause. The curve is given in figure 9, displaced .001 
in ordinate. After this, the other condensers are again tested with the object of 
securing sufficient data to at least roughly suggest the form of the locus. 

















Fics. 3 TO 15.— CHARTS SHOWING SUCCESSIVE ELECTROMETER DEFLECTIONS (s), AND THEIR DERIVATIVES, 
IN THE LAPSE OF TIME (4), FOR DIFFERENT RApu (2) OF THE CONDENSERS. An,=Rd (logV )/dt. 


7. Summary.—tin view of the fact that the ionizing potency of phosphorus 
sometimes increases and at other times decreases, as it were, incidentally and sub- 
ject to arbitrary conditions not easily made out, I have in the following table, 5, 
summarized the uncorrected values of the currents, 6 s/é ¢, preferably to the cor- 
rected values. The former, as has been stated, usually show greater regularity 
than the latter, upon which the fluctuations of the standard condensers have been 
imposed. 
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TABLE 4.——ELECTRIC LEAKAGE OF SPHERICAL CONDENSERS. V,=40 VOLTS 















































No: Bue Time ¢. Deflection s. Rate ds/d¢. Mean 6s/6¢. mehoe Hse Remarks! 
. a 1 
aa |e = 
min. — sec. 
K ay 40 00 7.65 .0028 .00260 .00106 _—‘| First five 
ae eC 60 7°45 2 098 series without 
6.2 v/cem. 120 7-32 25 103 disturbing the 
GO —Serton 180 7-15 condenser, 
240 7-00 consecutively. 
300 6.85 
K 4 | 46 oo mao .0028 +00290 .OOTOS 
60 255 31 114 
120 .40 28 Log 
180 .20 
240 .00 
300 6.90 
K 4 53 00 7.85 .003T .00300 .OOLT4 
60 .60 28 106 
120 45 31 120 
180 30 
240 .10 
300 6.90 
K4 58 00 TTS) 0028 .00270 -OOTO4 
60 7-55 25 096 
120 7.40 28 109 
180 Tees 
‘ 240 "elo 
300 6.90 
K 4 64 00 reas .0028 00260 .OO104 
IDi=="T3,O1em. 60 7.60 28 106 | 
120 7.40 22 087 
6.2 v/em. a5 7.25 | 
240 7.10 | 
300 7.00 
K 14 15 00 7.60 .0050 .00490 .00072 
Dae 7, cm. 60 30 47 7° 
120 .00 50 79 
17 u/em. 180 6.70 
240 45 
300 .10 
K 14 2 00 7-75 .0050 .00547 .00087 
I= Tih Oi 60 .40 58 87 
Repeated 120 05 56 87 
180 6.65 
240 “35 
3c0 £05 




















en) Se 










No, Diameter, 
etc, 







K 17 
D i= 3:9.\em: 
21 u/em. 






K 20 
D = 3.4 cm. 


23.5 u/em. 


K oo 





D = 3.0 cm. 
27 v/em. 
K 4 
DPD =13.0'em. 
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The values so found are then constructed in the chart, figure 11. It appears 
at once that the data as a whole, though investigated with care, still fail to lend 
themselves for the nice discernment of the nature of the locus in a relation of cur- 
rent, ds/0d¢, to the diameter 2? of the condenser. The results even of a single 
series are not smooth. Indeed the exceptional positions of the results for the 
standard condensers, those of K.6 being abnormally high while those of K 4 are low, 
is perplexing and has led me to suppose that some occult cause of variation has been 
left undiscovered. The relation suggested is really sinuous. One is almost tempted 
to infer that each condenser behaves as an individual, a conclusion for which I am 
unable to assign adequate reasons. The curve which has been put through the 
observations was computed from (dV/dt),(2 + a) = A, in the way presently to 
be explained? The observations are in accord with it, in so far as they show an 
increase of current at an acclerated rate as diameter decreases. 

8. Working hypothesis.—The attempt must now be made to derive some theo- 
retical conclusions from the experiments detailed in the above paragraphs. As 
before let x be the number of particles or ions per cubic centim., so that 7 is the 
concentration or density of distribution of the phosphorus emanation. Let & be 
the “absorption ” velocity of the ion as defined in Chapter IIL, treated in the first 
instance as independent of the potential, and of the concentration gradients, Let 
i! be the coefficient of decay, so that #’n? is the number of ions vanishing per cubie 
centim., per second. Finally, let /¢ be the external radius of the condenser, and C 
its effective capacity including that of the electrometer. 

With regard to the electrical currents, let V be the potential at a distance 7 
from the center of the condenser whose external face is put to earth. Let / be 
the aggregate velocity of the ions in the unit electric field and ¢ the charge of each. 

In all cases the observations are made when the flux is stationary, so that 
dn/dt = 0, throughout for any shell. Moreover as shown above, the effect of a 
potential gradient is but a neghgible contribution to the number of ions which are 
absorbed by the outer surface of the condenser. 

To begin with the simplest cases, if the motion of the ion is entirely independent 
‘of dV /dr and n, the accumulation in an elementary shell at a distance 7 from the cen- 
ter will be 4 2 kd (7?n) /dr. dr, per second ; the decay per second, k'n® 4 77° dr. Hence 
di? n)/dr = (k'/k).n? 7°, or, if A is a constant, 1/n=r((k'/k)+Ar). In the absence 
of decay, 1/A = m*,so that A is the reciprocal of the concentration ,, at a dis- 
tance 1 from the center. If conduction were promoted solely by the ions which 
reach the external shell kept at V = 0, since the charge in this shell is per square 
centim., edR/[R(k'/k + AR) ], and its time of discharge dl?/h, Cd V/dt = 
da keR/(k'/k + AR), In the absence of decay, h’ = 0, and d V/dt = 4 xken,/C, 
where m,, as stated, holds for 7 = 1. This case in which d V/dt = 6 8/6 t = const., 
independent of the radius of the condenser, is effectually excluded by the observa- 
tions as given in figure 11. If, however, & decreases with concentration, for which 
there is some evidence in Chapter III., the case is still open. 


If #! is not zero, d V/dt = (4 xhe/C)[1/(k'/k R + A)],s0 that the current 


‘7 is potential difference equivalent to s; A and @ are constants. 
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increases with 2 which is not admissible. Neither of these cases is open to com- 
putation and they are thus without immediate interest. They may be treated in a 
different manner, as already set forth in Chapter IV., by introducing the ion velocity 
in the unit field UY, in place of the absorption velocity %, and they then become 
suggestive. If 1/A is replaced by 7,, the number of ions per cubic centimeter at 
a distance of 1 centim. from the center, the above concentration n at a distance 7 
may be written, 2,/n=r[(k'/k)yn, 1—71r) +7]. If decay is ignored, the number 
n=n,/7*, as is otherwise clear, is independent of & also. 

Now if the electric conduction is determined by the number of ions which 
reach the external shell (7 = R), —dQ/dt= — CdV/dt = 42 R*U (V/R)ne. 
It is understood that this number is not appreciably modified by the occurrence of 
the field so that when decay is absent (4’= 0), n=n,/R*, as above deduced. 
Hence, — (dV /dt)/V= —d(nV )/dt = 4276Un,/CR. Here the tirst member is 
equivalent to —d(Ins)/dt, and is obtainable from the observations directly, 42eU/C 
is a constant, 7, expresses the apparent waning intensity of the phosphoric source 
of ionization, and 7? is the external radius of the condenser. The equation, there- 
fore, admits of being tested. The integral of the equation found for the potential 
gradient becomes V = Vye Oe" which is compatible with the data of tables 
1-4. In these tables I have therefore inserted the quantity, xn, A= (47eU/C)n,, 
computed from — (d V/dt)/ V.R for each pair of values of s and ¢, usually 3 minutes 
or 180 seconds apart. The values x, 4 are given in terms of common logarithms 
and seconds. Hence /d(In V )/dt = 2.8 n, XK. 

9. Comparison of data.—The values so found, é.2, n, KK = Rd(log V)/dt, are 
shown graphically in figure 12, as ordinates’ in terms of # as abscissas. Besides 
the data of tables 2, 3, 4, I have added those of table 1 taken from figure 6. The 
curve here is apparently sinuous due to the abnormally high values of K 6, 
and the abnormally low values of K 4, alluded to, both of which remain un- 
explained. In the absence of these there would be a rise of 7, A, of a grad- 
ual character with increasing radius. Since in 7,4, K is constant, this means 
that relatively more ions n, are available at the larger radii of the con- 
densers, corresponding to weaker fields, than for smaller radii and correspondingly 
stronger fields. But as there is no reason for excluding K4 and K6, and no sugges- 
tion for the occurrence of the sinuous curve obtained, 7,4 must be regarded as 
increasing rapidly from the values for condensers of small radii, 7 = 2 centim., but 
reaching a practically constant result after the radius 4 centim. has been  sur- 
passed, On the whole therefore, the data, so far as investigation has been possible, 
agree with the remarks made in $1, that the evidence in case of dilution is rather 
in favor of an increased number of ions and that an occurrence of decay is not 
manifest. This means more generally that whereas in the saturated emanation the 
ions are produced at the same rate at which they decay, so that is constant, in 
the diluted emanation at a distance from the center (2 = n,/7*), the production is 
in excess of the decay and conduction relatively too great. 

Another method of treating x, A’ is to refer it to strength of field. This, how- 


"Common logarithms and seconds are used, & being as usual in cm. 
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ever, may be done more advantageously after the data of the next section, in which 
fis constant and V variable, have been similarly brought forward. The values 
for table 1, in which for higher temperatures and remarkably stronger ionization, 
the values n, A’ show a practically linear and relatively rapid increase with Le, must 
be left without comment. Cf. figure 6. 

10. Case of diffusion —The next case with a bearing on the present results and 
deserving a statement is that of diffusion. Since but a small part of the ions are 
utilized as electrical carriers, as repeatedly evidenced, the effect of current may be 
neglected. This facilitates integration. 

The motion is now subject to the concentration gradient da/dr, and a new 
constant is thus needed, Let «@ be the number of particles flowing across a square 
centim. per second when the gradient (dv/dr) is a unit. Thus a(dn/dr)/n is the 
velocity of the flux. If influx into the spherical element, dda, be positive, the accu- 
mulation within the element is, per second at a given instant, ard*(rn)/di?.drdo. 
The decay in the same element is h'n*drd@. Hence, if the effect of current is neg- 
lected, d*(rn)/di* = k'n?/ar, This equation is not integrable in finite form, being 
virtually y" = by?/r, It is equivalent to the series 

y=C+ C(r — a) + 8(C*/2a)(r — a)? + B(C/307)(aC' — C/2)(r — a)’ +........ 
where Cand C’, a and 6 are constants. Thus if @=r 
n= C/r+C'(r— R)/r + 6C*(r — R)?/2Rr + bC(RC' — C/2)(r — R)9/3R r+... ee. 
If at 7 = RF the concentration n vanishes, or 7 = 0, then C= 0 and 
n=C'(r — R)/r + bC7(r — R)?/2Rr + W(R?C' — (C— RC')*\(r — R)°/2 X 3Rr +... ee. 
Hence, very near the surface the gradient is dn/dr = C'P/?*, and at the surface 
dn/dr =C'/R, so that C" is negative. Thus a47 2? C'/R = 4raCR is the number 
of particles available per second, at the boundary, increasing with 2, while a@0’/nR 
is their velocity, decreasing with /?. 

Tf all particles were here used to carry electric current (d@Q@/dt), dQ/dt = 
Cd V /dt = 4raC" Re, where C’ is negative. Hence the current would be greater as 
f? increases and constant as to time which is not compatible with the observations 
as a whole. Thus ¢ must be an average charge and a function of V /R, so that the 
vase does not admit of immediate numerical computation and is therefore of minor 
interest in promoting the present inquiry. 

In the preceding instance the effect of current is ignored. If this is not done 
and the presence of current is a destruction of particles in each shell, the conditions 
are as follows. The accumulation per second in the shell of radius 7 will be 
4rard*(ru)/di*.dr, the decay per second h'n*4z7*dr, the number per second de 
stroyed by the current C(d V/dt)e.dr/R. Thus 

a°(rn)/dr? = hr n®/ar + C(aV/adt)/4neaRr 
or simply y’ = (kh'y + kh")/r. The integral if obtained in a way similar to the 
above gives 
n= A\r— R)/r + k(r — R)/t X 2Rr fk" (7 — R)*/2X3R 7 +(RA?TR + 2) (7 — R)*/3X4R xr 


supposing that n = 0 at r= LP. 
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Hence, very near the surface,» = A'(r — R)/r +-C(dV/dt)(r — R)*/82 ahr. 
As in the preceding simpler instance the discussion of this case would be cumber- 
some and out of line with the present mode of investigation. As neither case in 
the light of the observations is suggestive, I shall here abandon both. 


CURRENTS IN CONDENSERS FOR SUCCESSIVELY VARYING POTENTIAL DIFFERENCES AND 
FIXED RADI, 


11. Apparatus and observations.—One important question as to the availability 
of phosphorus as an ion producer is the intensity of its action, or the number of ions 
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Fics. 3 TO 15.—CHARTS SHOWING SUCCESSIVE ELECTROMETER DEFLECTIONS (s), AND THEIR DERIVATIVES, 
IN THE LApse OF Time (/), FOR DIFFERENT RAptt (RX) OF THE CONDENSERS. An,=Rd(logV)/dt. 


produced per second in limiting cases. To make an estimate of this quality it suf- 
fices to pass a current through the spherical condenser for gradually increasing 
potential differences between the faces, in order to ascertain to what degree the 
phenomenon fails to obey Ohm’s law. In proportion as the number of ions is 
smaller relatively to the current transferred, the latter will fall short of its normal 
value. It will reach a constant limit when all ions present are used as carriers of 
electricity. 
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TABLE 6.—RESULTS FOR CONDENSER K4 (D=13.0cm.) FOR DIFFERENT 
POTENTIAL DIFFERENCES. @= 25,.8°. 






































Vv V 
ene Time. ¢ Deflection. | 55/5¢; 2, A eaten Time. ¢ Deflection. s| ds/d2; 2, A 
Do, per cm. Do. per cm. 
min. min. 
2t volts 51 3.20 .OOT9 21 volts gt 3.70 .0O14 
3.2 v/em. 2 3.05 17 (repeated) 2 3.60 14 
3 2.95 NG] 3.2 ufem. 3 Bese) 14 
4 2.85 -00181 4 3-45 .0O109 
5 2.75 162 5 3-35 113 
6 | 2.65 168 6 seat 120 
21 volts 58 3.10 .OOL7 130 volts 106 19.20 .0083 
3.2 v/cm. 9 3.00 T4 20.0 u/cm. 7 18.50 69 
60 2.90 14 8 18.05 ' 69 
I 2.80 .00159 9 17.70 .00127 
2 2.75 136 110 17.25 . 109 
3 2.65 141 III 16,80 112 
42 volts 64 6.05 .0031 138 volts 116 20.60 .0083 
6.5 uv/em. 5 5.87 20 21.2 0/cm. 7 20.00 72 
6 5-70 on 8 19.60 72 
7 5.50 -OO149 9 19.10 .oor18 
8 5-35 145 120 18.70 105 
9 5-15 159 121 18.30 107 
42 volts 70 6.10 -0028 193 volts 122 27.40 .O100 
6.5 u/cm. I 5-90 28 29.7 v/cm. 3 26.70 092 
2 Boas 28 4 26.20 094 
3 5.60 .00134 5 25.60 .OO107 
4 5.40 139 6 25.05 100 
5 5-25 142 7 24.50 105 
63 volts 77 8.80 .0044 193 volts 129 27.70 .0094 
9.7 v/cm. 8 8.50 39 29.7 v/cm. 130 247.10 92 
9 8.25 39 I 26.55 2 
80 8.00 .0O149 2 26.00 .0099 
I 7.80 134 3 25.45 098 
2 PECIE 139 4 24.90 1OO 
63 volts 83 9.00 0039 63 volts 136 8.75 .0042 
9.7 v/cm. 4 8.70 39 (repeated) 7 8.40 33 
5 8.35 25 9.7 v/cm. 8 8.20 33 
6 8.30 9 8.00 .0OT40 
7 8.00 .00126 140 7.80 116 
8 7.90 131 141 7.60 119 





























In table 6 results to this end are given, as obtained with the spherical con- 
denser, K 4, diameter 13.0 centims., the internal surface (a copper gauze bag 
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carrying phosphorus) being about 1 centim, in diameter. 
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high as 200 volts were applied, the external surface being put to earth. 
rent is, as usual, found from equidistant observations separated by an interval of 3 


minutes. 


Potential differences V as 


The cur- 


A few test experiments were made by repeating the earlier measurements 


for 21 and 68 volts, but it was thought wisest aot to attempt to correct the data 
for the fluctuating ionizing activity of phosphorus in the lapse of time, nor to 


assume curvature in the initial (¢= 0, nearly) contours of the curves. 


for s and ¢ (not shown) are in fact of this nature. 


The graphs 


TABLE 7--RESULTS FOR CONDENSER K 8 (D=6.9 cm.) FOR DIFFERENT 
POTENTIAL DIFFERENCES V7, 6=26.8°. 


V, Potential Diff. 
Volts per cm. 





Time ¢. 





Deflection s, 


6s/bt sn, K 





, V, Potential Diff. 





21 volts 2.75 0019 

6.1 v/em. 2.65 25 

2.50 24 

2.40 ,OOII2 

2.20 154 

2.07 156 

5-75 .0044 

12.2 v/em., 47 5-43 43 

48 5-15 39 

49 4-93 -00127 

50 4.65 128 

51 4.45 120 

63 volts 2 8.80 .0067 

18.3 v/cm. 53 8.37 59 

54 8.00 58 

55 7.60 .OO12I 

56 7.30) 113 

57 6.95 117 

21 volts 59 3-35 .0033 

(repeated) 60 3.05 25 

6.1 vfem. 61 2.90 25 

62 2075 .00163 

63 2.60 132 

64 2.45 139 

61 volts 5 8.40 .0042 

(next day) 6 8.10 39 
2015 - 











Time ¢. | Deflection s. 


Volts per cm. 


17.7 v/em 


61 volts 
17.7 v/cm 


126 volts 
36.5 uv/cm 


300 volts 
87.0 v/cm 


293 volts 
85.0 v/cm 
































63/8t -n, K 


.00077 


.0083 


.00074 


.O170 
-144 
142 
.00058 
50 

5° 


The chart, figure 14, gives the relation of the current (6s/6¢), arbitrarily in 
scale parts, to the potential difference V in volts per centim., or strength of the 
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field, as contained in table 6. The graph is obviously curved so that Ohm’s law is 
departed from, but the curvature is small, indicating a limit as yet a great way off. 

12. Further data.—TVhese results are now to be compared with similar data for 
condensers respectively larger and smaller im diameter. They are given in tables 7 
and 8, the diameters chosen being 22=6.9 centims. for K8 and 2/2=23.3 centims. 
for K 2, respectively. The tables contain, besides the immediate results s and #, the 
potential difference V and the field, as well as the currents 6s/6/, and the quantity 
n, 4K, computed as usual. 


TABLE 8.— RESULTS FOR CONDENSER K.2 (D=23.3 cm.) FOR DIFFERENT 











POTENTIAL DIFFERENCES V. @=26.8°. 
1 2 = - | : i ; a i = | ipetias a 
en ercan Lime, 4 | Deflection, s.| 65/82; 2,A° | Te tee Gao |) abimveyed | Deflection, s.| 65/67; 2, A” 
= poor | 
MIN. | MIN. 
246 volts 17 36.50 0081 || | 45 6.80 00181 
21.0 u/cm. 18 36.00 83 | | MS |) | Oaie 123 
19 35.50 78 \| | 47 | 6.60 126 
20 35.05 .OO1T4 
21 34.50 120 lf —“ ea aaa i 
22 34 19 r13 | 59 volts. | 48 7.50 .0025 
= He EE eee =| 5.0 u/om. | 49 Tuy, 18 
50 aly) 21 
128 volts 2 19.00 | .0044 51 7.05 .0O175 
11,0 v/cm 28 18.65 | 39 52 6.95 12 
20 18.40 39 53 6.80 149 
30 18,20 .OOT21 Pees | 
3! 17.95 106 | | i 
| 32 17.70 109 | 19 volts. | 55 2.00 .0022 
| 1.6 u/cm. 56 1.80 17 
ors." See 1.65 II 
128 volts 34 17.20 .0056 58 | 1.60 .0063 
rr.0 v/cm 35 16.70 39 59 1.50 51 
36 16.45 Ze || | 60 «=| 1.45 306 
37 16.20 .0016g ie Ie alle ea 
38 16.00 121 | | 
39 15-70 132 1g volts. | 61 | 1.60 aa 
a 1.6 2/cm. 2a| 1.45 I 
; z| 63 1.40 I 
56 volts 42 7-25 .0025 64 | 1.30 .0059 
4.8 v/cm 43 7.00 17 [ee C5 | eS 42 
44 6.90 17 | 66 | 1.20 44 























——— 


The currents here obtained are also graphically reproduced in the chart, figure 
14, where the abscissas are the fields in volt/em, and ordinates are the currents in the 
usual arbitrary measure. The relative conductivity of the three condensers is 
maintained and the saturated state (maxima of the curves) is in all cases enor- 
mously distant. The relative curvatures of the three graphs within fields of the 
same intensity cannot be made out. Table 7 virtually contains two series made 
on different days, in which the ionizing activity of the phosphorus was very 


different. 
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»» and for constant R, compared.—l| shall now 
endeavor to compare the data of the two sections, by referring them either to the 
same radii or to the same electric fields. The latter method is preferable, not only 
as yielding a greater range of data but because the values of the currents ds/ét 
and of n, & have not yet been regarded in this light. To begin with the former, 
figure 15 contains the values of 6s/o¢ varying with the fields as taken from the tables 
2, 3, 4, in which V)/# varies by reason of varying #. These data, though vague, 
lie within the limits marked by the curves # and A’, In the same chart, Fig. 15, 
I have inserted the curve /) taken from figure 14, in which V,/2 varies by reason 
of varying V,. It is the curve for K2 for which R=11.7 is largest, and the data 
surest. The point of importance is clear at once: as the fields grow stronger the 
curve / lies quite above the curves 2. If, therefore, high fields are produced by 
diminishing the radius of the condenser, the currents may be upwards of 20% or 30% 
too small, both because of the escape of ions around the stem and of the access of 
air. Indeed this state of things is not unexpected, inasmuch as the chief object of 
the investigation with spherical condensers was the avoidance of such losses of ions 
as occur in plate condensers. Returning for additional consideration to figure 12, 
it appears that the definitely low data corresponding to the radii 2 and 8 centi- 
meters are erroneously much too low, whence it follows that the probability of a 
constant 7, A’ is enhanced. 

The quantities next to be considered are the constants 7, A’ in relation to the 
strength of field, This is done in figure 13 for the case of the present section in 
which potential V is varied directly while ? is fixed. As the observations must 
here be considered individually, they are marked for each table by numerals show- 
ing the order of sequence, and joined by straight lines. Turning first to the data 
of table 6 for the intermediate size, 2 = 6.5 em., it is seen at once that complicated 
influences are at work, particularly in the case of low fields. The behavior here is 
not unlike ordinary galvanic polarization. Thus in the zigzag line 1 to 12, there 
is Successive partial exhaustion alternating with partial recuperation of the conduc- 
tivities. The observations 1 and 7 correspond to nearly the same field, for instance, 
but with fewer ions available in the latter case. If the fields are increasing, pro- 
longed action decreases n, A’; and vice versa for table 8. On the whole, x, as the 
fields increase indefinitely, seems to decrease (table 7), remembering always that this 
decrease is of an order which may be attributed to the ionizer itself, 

Finally if the data for x, A and field strength as given in the tables 2, 3, 4, of 
the last section, be graphically represented, the results are quite without suggestion 
as to the character of the variation of 7, A, in different fields. An average value of 
this constant is only to be deduced. 


13; Observations for constant V 


14. Conclusion.— Contrary to my expectation and in spite of the labor spent 
upon them, the results for spherical condensers have not enabled me to give a de- 
cisive answer to the question at issue. The difficulty encountered and which occurs 
here in accentuated form is the same which has hampered me throughout the 
present research, namely the elusive variability of the ionizer. Moreover, as the 
conditions determining it exist ¢mmediately at the surface of the active phosphorus, 
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I do not see how they are to be put under control’; merely keeping the air around 
the phosphorus at constant temperature, ete., is not a sufficient check on the behavior 
of the surface itself. 

In several respects, nevertheless, definite advances have been made. It has 
been shown that the best results can be reached with large spherical condensers 
(say 20 centims., or more, in diameter), in which changes of field are produced by 
applying larger potential differences while the apparatus itself is left quite without 
interference. 

Finally to ascertain in how far the present experiments agree as a whole with 
the results for plate condensers, where a theoretically different method is involved, 
it suffices to compute the value of 7,, the number of particles per cubic centim., at 
one centim. from the center of the condenser. Since n, Ain figure 12 is of the order 
of .0012, or referred to natural logarithins n, A=.0028, and since A= 47eU/C, if we 
insert J. J. Thomson’s value of e = 2.8/10%, and put U of the order of one centim. 
per second, (= 67/10” as above, it follows that n, = 6.5 x 10%, This result agrees 
very well in order with the datum, 2) = 5.5 X 104, as determined in Chapter LV. from 
plate condensers by the totally different method there pursued. It also agrees well 
with the deductions of the last chapter (V) obtained by still a different method, 
Finally if U be put 1.5cm/sec, the value for ionized air, n, = 4.3 Xx 10%, the 
value deduced by the English philosophers by a totally different process of 
reasoning, 








‘In my recent experiments to be detailed elsewhere (Cf. American Journal Sct., (4), xii, pp. 
328-346, rgo1) considerable progress beyond the status given in the text is in evidence, 
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SUMMARY. 


With the present chapter I have given a systematic account of the bulk of 
my work with the phosphorus emanation, the purpose throughout being to map 
out the phenomena in which I am interested, roughly and preliminarily to the 
more rigorous study of the subject which Tam now beginning. The results as a 
whole are tributary to an investigation on the colors of cloudy condensation. 

In endeavoring to account for the data obtained it was my endeavor to follow 
the established theory, but I fear that in the explanations given I have little by 
little made a serious departure. If I had obtained but a single coincidence the 
result would not have been noteworthy ; but after finding data of a correct order of 
values in all the experiments in spite of the variations of method, I have ventured 
to think that more than a coincidence is in question. The theory which underlies 
the series of papers is substantially this: : 


(1) From experiments made in the absence of an electrical field I inferred 
that the nucleus has its own specific velocity and that this velocity is identical 
with the mutual velocity of the corresponding ions! in the unit electrical field 
(volt/centim.). 

(2) The nucleus produced by phosphorus is larger than the air molecule and 
both for this reason and from the fact that it receives promiscuous bombardment 
of molecules simultaneously, its velocity is of the low order stated, being (say) less 
than 1/300 that of the air molecule. 

(3) It is not necessary to assume that the nucleus decays or vanishes within 
the ionized medium; the evidence is rather in favor of a number of nuclei some- 
what larger as the dilution increases. 

(4) Whenever the nucleus comes in contact with a barrier (solid or liquid) 
it is absorbed or broken up. If the nucleus is ionized as in the case of the phos- 
phorus emanation, the absorption is accompanied with the discharge of an 
electron, as though the latter held the molecules of the nucleus together in a 
cluster. 

(5) The observations with plate condensers, tubular condensers, and spherical 
condensers are satisfied by supposing the nuclear velocity & to be independent of 
the concentration or degree of saturation, 7. 

(6) The nuclear velocity is independent of the potential gradient. Instead 
of putting U. V/F for the velocity of the ion along the potential gradient V/Z, I 
have considered the velocity of the nucleus constant, and independent of V/R ; 
while m, the number of nuclei capable of discharging the metallic terminal of a 
field, varies as V/J/2. 


‘Since the velocity of the positive relative to the negative ions is understood, the nuclear 
velocity is roughly taken to be three times the absorption velocity, as in this case one third of all 
the nuclei may approximately be supposed to travel in a given cardinal direction. It should be 
noticed, however, that if instead of 3, the factor 6, or preferably the probability factor 16/7 be 
taken, the statements of the text would be accentuated. For since 4=-3 cm./sec., & X 16/7 = 
1-5 cm. /sec., agreeing with the U of the text. 





ss BXPERIMENTS WITH IONIZED AIR. 93 





7) If fore, the charge of a nucleus, J. J. Thomson’s electron be taken ; if the 
ty of the nucleus is of the same order as the velocity of the ion in the unit 
electrical field; then the number of nuclei in the saturated phosphorus emanation 
i agrees with J. J. Thomson’s value for the number of ions in ionized air. 


i 
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ADVERTISEMENT. 


In the present investigation, on the “Structure of the Nucleus,” the author 
answers certain practical questions suggested by the last memoir (Experiments 
with Ionized Air, in Smithsonian Contributions to Knowledge, Vol. XX1X, 1901), 
in relation to phosphorus when used as a source of nuclei; 7. ¢., of extremely small 
particles tending to precipitate water from moist air, when this is suddenly cooled. 
It is, however, the chief aim of the memoir to throw light on the phenomena con- 
nected with the presence of nuclei in air, by aid of the coronas or color rings seen 
in such air when its moisture is condensed and deposited on the nuclei and a 
distant source of light is looked at through the turbid medium. As these coronas 
occur in great variety and size, they lend themselves for measurement when other 
means fail. A systematic study is therefore made at the outset of the number of 
particles corresponding to all well-defined members of the sequence of coronas 
obtained under known conditions of supersaturated air, The numbers run from 
less than 100 to upwards of 50,000 per cubic centimeter. 

The results are then applied in an endeavor to find the velocity of the nucleus 
by non-electrical methods, both of a direct and an indirect kind, utilizing the fact 
that if nuclei leave the medium, the coronas obtained under like conditions must 
change correspondingly. Throughout the latter part of the investigation the 
nuclei are purposely produced in the simplest manner possible, by shaking solutions 
in air; but in the course of the investigation the author reaches conclusions which 
seein to show that the solutional nucleus is of much broader meteorological signifi- 
cance in its bearing on atmospheric condensation and electricity, than has hereto- 
fore been anticipated. It appears that in an unbounded region of the atmosphere 
saturated with water, this nucleus must be a persistent structure. This he finds 
is strikingly apparent even when the air is saturated with very volatile liquids 
other than water. 

In conclusion the author points out that the size of the nucleus must vary 
with the medium in which it is suspended and that water nuclei, in particular, 


will depend for their dimensions on the meteorological status of the atmosphere. 
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Finally the importance of correlating this vatiaon of 
electrical activity of the water nucleus is insisted on, with 
application to atmospheric electricity. . 
In accordance with the rule adopted by the Smithsonian Instituti: 
has been submitted for examination to a Committee consisting of 
D. Bancroft, of Cornell University, and Professor Edgar F. Smith, el 
of Pennsylvania, and, having been recommended for publication, it is ae 
presented in the series of Contributions to Knowledge. se 


SP. LANGLEY, 


Smithsonian Institution, 
Washington, January, 1903. 
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The present memoir is a continuation of my work of 1898 (U.S. Weather 
Bureau, Bulletin 12), and with less abrupt transition, of the Hxperiments with Lon- 
ized Air, published in Smithsonian Contributions to Knowledge, Vol. XX1X, in 1901, 

Several outstanding questions in the latter volume have been answered. 
Thus in Chapter I, the nucleation and the ionization emanating from phosphorus 
are contrasted in their relation to temperature. The results which appear, viz., 
that the nucleation begins at a definite temperature (about 18°) with a maximum 
of intensity while the ionization increases more gradually to reach a maximum 
later at about 20°; moreover that moisture, while unfavorable to nucleation, pro- 
motes ionization; these results explain much of the baffling variability of the 
phosphorus ionizer with which in the volume cited, and particularly in the case of 
experiments with spherical condensers, I made vain endeavors to contend. The 
reason why the rate of electrical leakage and the rate at which nucleated air flows 
through a tubular condenser are linear functions of each other but with a different 
coefficient in different series of experiments, is also apparent with other results of 
minor interest. 

Having determined to approach the question of nucleation by a new method 
in this volume, viz., through the measurement of the coronas’ of cloud particles, it 
seemed imperative to undertake a detailed investigation of the whole phenomenon 
of coronas, at the outset, insofar as it would contribute to these experiments. By 
no other means, to my knowledge, is the magnificence of coronal display so ap- 
proachable in its entirety, as when evoked by cloud particles of identical diameter, 
variable at pleasure. The colors of cloudy condensation may be classified into 
three groups: The first includes the normal coronas (as I shall call them) due to 
relatively large particles. They are all characterized by a central white dise and 
there are no axial colors. The second class includes coronas due to relatively small 
particles; the central dise is colored, and as the particles increase in diameter from 
“a lower limit, the central colors follow the order of Newton’s interferences, The 
third group comprises the axial colors seen in the undeviated ray and due to some 
kind of harmonic absorption superimposed on the diffractions of the first two 
groups. These colors are increasingly saturated as the cloud particles decrease in 

*T regret that all my attempts to obtain Kiessling’s work on Déammerungserscheinungen were 
unsuccessful. 
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diameter from a superior limit indefinitely. They may also be arranged in New- 
ton’s series at a phase difference from the former. They are particularly vivid for 
particles so small that the coronas have become vague or a colorless fog. They 
last until the cloud particles merge into individual molecules, though the last to 
appear before the air becomes perfectly clear, can only be produced with the steam 
jet. Indeed this last group of colors, seen without coronas in the color tube, was 
fully treated in the earlier volume, though their apparently complementary rela- 
tions to the colors of the dises of the coronas did not then appear. 

In determining not only the size but the number of particles producing these 
splendid phenomena as a whole, I have answered another of the outstanding ques- 
tions there proposed. It has not been practicable to reach more than a first 
approximation, and on overhauling the work after about a year’s experience with 
investigations of the same general character, I am left in some doubt whether I 
have successfully coped with the subsidence error. Nevertheless the results par- 
ticularly with reference to axial colors are noteworthy. They represent a separate 
phenomenon superimposed upon and coloring the diffraction phenomenon for rea- 
sons which it is difficult to make out. To invoke interferences for these small 
spherules, one must first explain how the light gets in; being in how it gets out 
again, and thereafter, why particles are needed which at first blush seem about ten 
times too large. 

The remaining chapters (IV, V, VI) bear directly on the subject of this volume. 
I have long been in search of a method for producing nuclei which shall have the 
humblest origin possible; for when one operates with the powerful instruments of 
modern research and interprets the results by similarly recondite electrical methods 
one is perhaps less apt to confront the nude facts. This quest culminated natu- 
rally in the method of producing nuclei by shaking solutions. Afterwards I found 
that Lenard! in his thorough fashion had incidentally traveled along a similar road 
before. Lenard’s interests, however, were centered in his electrical investigation, 
and though he discovered the astonishing persistence (27 hours) of nuclei obtained 
from a jet of river water and their corona-producing quality, he was interested 
chiefly in the bearing of this result on the electricity of waterfalls and did not 
contrast the persistence in question with the fleeting nuclei of pure water and 
weakest solutions, nor enter into the other special lines of investigation in this 
memoir. The reader will find that I have taken these nuclei as the type of nuclei 
in general, as there is reason to believe that they may be either electrically 
charged or not, as the critical density by which the stability of the nuclei is con- 
ditioned, varies, To this important question I shall at another opportunity recur. 

The final chapter (VI) is an endeavor to prove, again by the simplest possible 
method of direct observation, that the nuclei diffuse or are endowed with definite 
velocities. Whoever looks upon nuclei as ions will have no difficulty with this 
proposition ; but for me the nucleus has dimensions which are larger than the 
molecule, and for such nuclei as are produced by shaking or those sluggish nuclei 


‘Lenard: Wied. Ann., x\vi, 584-636, 1892. 
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produced by any emanation or by radio-activity in hydrocarbon vapors, for in- 
stance, nuclei which stick to the air and differentiate it gravitationally, the question 
of diffusion is a vital one. The positive answer of the chapter is, I believe, war- 
rantable. 

The quaint theory that nuclei which vanish are absorbed on contact with the 
walls of the vessel and that no other loss of nuclei occurs, has been accepted here 
as in my earlier volume. I have found none at once so simple and so gracious. 
Nuclei are always sparsely distributed (10° to 10" per cub. em.) in comparison 
with molecules. I have conceived them to be larger than molecules but not so 
large as to receive symmetrical molecular bombardment when suspended in a gas. 
In other words, there are not quite molecules enough surrounding the nucleus to 
insure a virtually persistent uniform pressure upon it in all directions. The mo- 
tion of the nucleus is the result, and it moves faster in proportion as it is smaller 
and the asymmetry due to paucity of bombarding molecules below the statistical 
limit, is accentuated ; and vice versa. So conceived, the velocity with which the 
nucleus diffuses is at once its own and only velocity. 

If the nuclei vanished by subsidence, however slowly, this would appear in 
the coronas. Not only is subsidence of nuclei absent, but they actually diffuse 
against gravity, while the coronas give evidence (so far as the motion of the un- 
loaded nuclei are concerned) of permanently uniform distribution. This narrows 
down the question of loss to the possibility of a marked coalescence of nuclei, and 
to the hypothesis of dynamic diffusion selected, with absorption at the boundaries 
(if any) of the region. But the amount of loss by diffusion actually found by 
direct observation in the last chapter is of the same order of values computed by 
the hypothesis in the two preceding chapters. Thus far then, there seems to be 
no reason for introducing any source of decay of nuclei other than one involving 
the motion of the nucleus. Moreover, if there are no boundaries to the region 
there will be no loss of nuclei. 

A final word is due as to the bias of the volume. Recently it has become 
customary to refer the phenomena of condensation too glibly, I think, to the 
occurrence of ionization. I am well aware of the precision with which C. T. R. 
Wilson’ has stated his results, but others have not been so cautious, and the im- 
pression is that negative ions embrace the whole story of condensation. The 
elasticity and scope of the electronic hypothesis, the ease with which it lends itself 
to the correlation of hitherto isolated and. anomalous facts, may well account for 
the enthusiasm with which it has been generally applied. Under these cireum- 
stances, it has seemed to me fitting that somebody should seriously endeavor to 
see how much of what is known in relation to condensation, would follow from 
the older theories of Coulier, Kelvin, and Aitken,’ and apart from ionization. As 
this was the position I took in 1893 shortly after an electronic hypothesis had been 

CT. R. Wilson: Phil. Trans., London, vol. 189, pp. 265-397; 1897; tbid., vol. 192, pp. 403- 
453, 1899; éid., vol. 193, pp. 289-308, 1899. The last paper is chiefly referred to. 
2 An account of the earlier researches on the subject will be found in my Bulletin of 1893 
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definitely proposed by the younger von Helmholtz* and | 
X-ray, this policy seemed again to devolve upon me. My diseu 
appear to proceed from a point of view since superseded, but I bel 
sistent and fair. Hence if the light of this volume is still the antig 
the number of interesting results to which it has guided, encourages 
that the quest, apart from any theory, may have been worth the candle. — 


Brown Untversiry, Provivencer, R. L, a 
August, 1902. ss 


'R. von Helmholtz: Wied. Ann, xxvii, p. 508, 1886; ¢bid., xxxii, p. 1, 1887. Cf. Pe. 
; ms 
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tees LRUCTURE. OF THE NUCLEUS, A 
CONTINUATION OF EXPERIMENTS 
Wet TONTZ ED AAR 


By Cart Barus, 


HAZARD PROFESSOR OF PHYSICS AT BROWN UNIVERSITY. 


CHAPTER I. 


ON THE EFFECT OF TEMPERATURE AND OF MOISTURE ON THE EMANATION OF PHOSPHORUS, 
AND ON A DISTINCTION IN THE BEHAVIOR OF NUCLEI AND OF IONS. 


INTRODUCTION. 





1. Olject, ete-—Endeavoring to differentiate the properties of the nucleus and 
the ion, it occurred to me that the effects of temperature, when worked out simul- 
taneously by the volumetric and by the electrical methods, would probably present 
a contrast. Ifthe two functions relating to condensation and to electrical conduc- 
tion are different, then their thermal variations are not likely to be the same. The 
temperature which insures the maximum production does not also necessarily insure 
maximum instability. The results of the following paper bear out this surmise. 

Again, if phosphorus is to be used as an ionizer, some definite knowledge as to 
the cause of its variable intensity is essential from a practical point of view. ‘The 
substance is so remarkably adapted for the purpose in many ways, that the endeavor 
to put it in control quantitatively is well worth while. This too, I think, has been 
accomplished. 

Finally, I have shown that the low number of ions (7 = 8 X 10* per cubic centim.) 
in the saturated phosphorus emanation, found from the experiments with the tubu- 
lar condenser, is due to non-saturation. I have been able to nearly double this 
number, putting these results in accord with the data of plate and spherical 
condensers. Incidentally, certain curious conditions under which the emanation 
produces permanent conduction in the condenser are identified with the occurrence 
of traces of moisture. This behavior so closely resembles the effects of radio-activity 
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2 THE STRUCTURE OF THE NUCLEUS. 
that the extreme caution needed before such a property can be predicated becomes 
apparent. 


VOLUMETRIC COMPARISONS, 


2, Apparatus.—The apparatus to investigate the relation of the emanating 
activity of phosphorus to temperature is shown in figure 1, the thermal part con- 
sisting of a coil of thin lead pipe (1/8 inch bore), LZ, submerged in a large water 

bath of copper, 44,13 centims. high, 

15 centims. broad, and 20 centims. long. 

There were 21 turns of lead pipe, each 

turn 6 centims. in diameter. The air 

coming from the gasometer train by 

way of a desiccator beyond J, and a 
SSS ce stop-cock, Fr (fine screw valve), tra- 

ay versed this considerable length of slen- 

der tubing, fully taking the temperature 
of the water bath, thereafter to be dis- 
charged into the central straight pipe 
of brass, a, 1.2 centims. in diameter, 
containing the ionizers (not shown). 
The charged air is finally conveyed into 
the influx pipe of the color tube, C, by 
the removable short neck, G. <A ther- 
mometer, ¢, is placed in the water bath ; 
— another may be inserted into the end, 
i oe }, through a perforated cork, so-as to be 
a Lg. in contact with the ionizers. 

Fic. 1.— APPARATUS FOR HEATING NUCLEATED AIR. Care was taken that all changes of 
Fic. 2.—SECTION OF THE TUBULAR CONDENSER SHOWING 2 : 
fad MAO TAGE temperature should be slow. Thus it 

took 3 hours for the temperature to rise 
from 5° to 13° in the following experiments, for instance. 

The ionizers, as usual, were strips of wire gauze, holding thin pellets of 
phosphorus between them. They were inserted into, or removed from the tube, a/, 
through 4. If saturation is aimed at, an excess of freshly cut phosphorus surface 
should be used. This was only done when specially called for in the present work, 
where the form of the temperature function is the chief consideration. 

3. Method and data.—The method of experiment usual in my work was 
adopted, the liters per minute (7 V/dt) of saturated phosphorous air necessary to 
produce the fiducial blue of the color tube being observed at different temperatures. 
The data are given in table 1, in the first part of which observations for falling 
temperature, and in the second for rising temperature, are recorded. The pressure 
of the steam jet was about p=4 to 6 centims. The inflowing air showed a temper- 
ature of 27° to 28°. The table contains some other colors (including opaque) for 
orientation. 
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THE NUCLEUS. 


TIONS p= 4-5 cm.; AIR TEMPERATURE, 27°-28°. WATER BATH 
METHOD WITH STEAM JET. 


Falling temperature, 








Rising temperature. 





PHOSPHORUS ON ITS EMANA- 








ae | — ——_—— 
Color, VX 107 6 || Color. | 7X 102 | 6 | Color. | V X10 6 
| I} | 
a ee 
L/min aCe None -—— 5° | BI+ 70 12.8 
Be 85 | 24° (air) i oe (Oy Bl | 65 12.8 
1 + IO —- i | Opaque ‘a 80 ae 
pee, seers | | margin } | 
Bla | tco | 30.8 || Puffs faint se ||P ee | | 
go Bor7 || Puffs evident a S16) 0) eB eels 12.9 
| | Puffs strong, green- i 
Bie se! 95 28.6 | : 
| se | ioe ish, need about 5 -| —— 9.0 Bl 75 13.0 
| | 5 | see. to foun | | 
| | = = = 
Bl OS ee 2522) | Puffs bluish ae oss | Bl 85 17.6 
go 22 al Do. == 98 | Op_ 105 17.0 
Putfs bluish. No | [a ane a iLloete geamtT 
Bl 80 223 permanent color; { z Bl | 
Bl -+ go 2273) ile 2ysec. sufiice for {|| Way Lae ‘ 99, SES 
|| puffs 5a | 
Bie 61 | 188 || Vague green perma- | 
nent oo To:7) |) 9 Bie 110 30.8 
Bl go 18.8 } Faint yellow-green 380 | 10.9 | Be 95 30.6 
Bl 75 18.8 | | Bl go 32.6 
Bl + I15 18.8 1 Bl-Gray 280 Ee On eS eat 105 | 32.4 
Bl+ |[ 60 13.2 | Bl | 330 | 22)) || Bl 100! 32.2 
Bl 60 1322 | Bl-- 100 | 35.3 
Bl 70 13.3 All colors now show 
themselves rapidly | Bl 110 Boe 
a | and intensely 
Opaque ) eae 
erence 35 | | Bl go 34. 9 
| ——__$— Se TY 
| Colors not clear 











The chief data of the table are reproduced in the chart figure 8, and show the 


sudden cessation of reaction at 12° 


13°. 


4. Discussion.—For the sake of preliminary comparisons with the correspond- 
ing electrical charts given below, it is well to lay off 1/(¢d V/dt) in its variation 


with temperature : 


emanation producing the color, 


for this reciprocal runs parallel to the concentration of the 
The construction is given in figure 4, in which the 


sudden rise of activity in producing nuclei is apparent at Hae and the subsequent 
gradual decline thereafter as far as examined is again manifest. Anticipating data 
of subsequent paragraphs I may add that the maximum ionizing activity is at 20°, 
showing the two thermal relations to be non- coincident. 

The charts show in the first place, that as temperature falls from the highest 
admissible values, say 35°, the emanation of phosphorus actually increases,’ at a rate 


1 This increase may be due to the gradual thorough desiccation of the phosphorus by the dry 


current of air, The grids were not dried preliminarily over calcium chloride. 
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of about 2 per cent. per fall of 1° C. The maximum activity occurs at about 13°, 
and is upwards of 25 per cent. greater than at 30°. Between 12° and 13°, however, 
the emanation is quenched at an enormously rapid rate, falling just short of sudden- 
ness. Practically, therefore, the reaction begins at about 13°, with full if not 
greatest intensity. 

Below 12°, the emanation is insignificant and the maximum permanent colors 
obtainable are faint blue grays, even when the gasometer flow is forced to, say, 400 











FiG. 3.—DEPENDENCE OF THE RECIPROCAL NUCLEATION RATE (dV/dt) ON TEMPERATURE. FIG. 4.—DEPEND- 
ENCE OF THE NUCLEATION RATE (d¢/¢V) ON TEMPERATURE. FIG. 5.— COMPARISON OF THE RATES OF ELECTRICAL 
DISCHARGE AND OF VOLUME EFFLUX. 


liters/minute. There are no opaques. Below 10° there are no permanent colors 
discernible. 

5. Here, however, and slightly above and below this temperature, definite 
puffs of color or of darkness are obtained immediately after opening the faucet 
suddenly. The phenomenon may be repeated indefinitely by closing the faucet for 
a period of 2-5 seconds (longer at the lower temperature), and then suddenly 
opening it again. The puffs are at first vaguely recognized at about 8°, or even 
below. They become more marked as temperature rises. They are still marked at 
even 12°, when the fainter colors are beginning to be permanent. They show a 
maximum degree of darkness depending on temperature, beyond which they do not 
increase even if the cock is closed indefinitely. 

From a theoretical point of view this result is noteworthy. Below the reaction 
temperature (say 12.5°), what may be called the vapor pressure of the reaction is 
a definite quantity, but decreases with temperature at an enormously rapid rate ; 
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above the reaction temperature, the vapor pressure is relatively constant as tem- 
perature increases. All this recalls the well-known analogy appropriated by the 
physical chemist. 

Now, if we suppose the nuclear velocity to be a relatively constant quantity, 
within a short range of temperature, while the emanating activity decreases, the 
density of the emanation formed within the ionizer will clearly diminish as tem- 
perature decreases below the reaction temperature, however long the air is in contact 
with the ionizer. 

Hence the color of the puffs should gradually become fainter with decreasing 
temperature, as actually observed. If WV nuclei are produced per superficial square 
centim. of phosphorus, if # be the corresponding average nuclear velocity and m the 
number present per cubic centim., VW = kn. ‘Thus n depends on the ratio of .V and &. 
The vapor pressure analogy suggested is not wholly tenable, inasmuch as nuclei are 
actually absorbed at the walls of the vessel (tube ad, figure 1), so that V vanishes 
with 2 in the lapse of time, Since /: is of the order of one unit, V and m may be 
regarded as about of the same order, roughly speaking. The number of particles 
generated per square centimeter of the phosphorus will not greatly differ from the 
number present per cubic centimeter of the emanation. 

6. Above the reaction temperature, if the rate of production, V, were regarded 
as relatively constant, the means of computing the increase of speed of the nucleus 
with rising temperature would be at hand. If m be the mass of the nucleus and 


mk? /2 varies as absolute temperature, i, /k, = V(t, + 273)/(¢, + 278). Turning 
now to the chart, figure 3, let ¢, = 80° and ¢, = 20°. Then &,/k, = 1.02, whereas 
the chart gives &,/k, = 1.25. These two results being out of keeping with each 


TABLE 2—SUMMARY OF ADDITIONAL DATA FOR EFFECT OF TEMPERATURE 
ON THE PHOSPHORUS EMANATION. 





























| || | 
Color. i] ae Remarks. Color. 6 a at | Remarks. 
| || Bl-Gr 10.0 50 | 
Bl 19.9 95 | | (faint) | Faster |current clears field 
Bl 19.9 110 
Bl | 14.0 Soni Intense 
Bl 14.6 go opaque | 14.0 LOD | activity 
B14 14.6 100 | | | 
Bl 13ur 100 | No opaque | 
Bl Sele || go | —————— | 
Bl ps3) we 80 Opaque obtainable} | 
Bl + 133 | 95 | i | 
Bi 13:4) || 7o | | | 
Bl i34° | See el| } 
| | 
Bl — Tig | 90° | } | 
Bl nag || ee | | 
At 12° if a slow current is gradually increased, the | 
field may be darkened to violet, almost to opaque. | 
A faster current then at once clears the field to | 
faint greenish. | 
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other, the thermal variation of & is insignificant compared with the corresponding 
decrease of JV. 

7. Data for low temperatures.— After finishing the electrical investigation 
presently to be discussed, it seemed desirable to corroborate the above results with 
new observations made near the temperature at which phosphorus becomes active. 
These are briefly given in table 2. As a whole, they agree with the above infer- 
ences. It was discovered, however, that permanent though faint colors could be 
obtained even below the limits stated above (13°), by very gradually increasing the 
speed of the charged air current from zero, until the field showed the limiting 
coloration for the low temperature selected. When the air current is further 
increased, however slightly, the field of the color tube at once clears almost with a 
flash. It is thus possible to “blow out” the emanating activity of the phosphorus 
with a current only a trifle faster than the one which produces the corresponding 
color maximum, The puffs of color obtained above are the same phenomenon. 
Below 13°, opaque did not occur, At 14° the full activity was accentuated. 


BLECTRICAL COMPARISONS. 


8. Apparatus.—It is now desirable to compare these data with the results 
obtainable in measuring the radial currents in the tubular condenser which is made 
the channel of communication between the pipe, a, of the water bath, figure 1, and 
the color tube, @ In other words, the tubulure, G, is now replaced by the con- 
denser, A’K, figure 2, for discharging ionized air into C, by fitting the tubulure 4 
to the end @ of the ionizer, figure 1, Details of adjustment are given in my 
earlier volume. The slender condenser, AA, was effectively 50 centims. long, .82 
centim. in internal, and .60 centim, in external diameter. The inner face (surface 
of the rod, c/) is charged to about 40 volts. The tube AA, insulated at the ends 
from the rod, is put to earth at 2 The electrical discharge takes place radially 
from rod to tube, and should occur only when the emanation passes in the cytin- 
drical shell between the faces (.14 centim. thick and 50 centims. long), entering at 
band leaving at a It is difficult in so slender an apparatus and in view of the use 
made of it to avoid conduction through the insulators, altogether, particularly in a 
damp atmosphere. Hence in the following tables the insulation, when the medium 
is ordinary air, is given; but even if ignored it will not probably affect the relation 
to temperature. In a warm steam-heated room the insulation is perfect, and 
advantage was frequently taken of this convenience. 

A steam or water jacket, -/, surrounds the condenser for special experiments. 
$ 22. Steam enters and leaves by the tubulures, s. 

9. Method.—TVhe method consisted in reading the efflux volumes, V, at the 
gasometer or aspirator bottle, before and after the series of electrical measurements. 
As the latter were always duplicated, three volume measurements were made at 
stated times. From these d V/dt was obtained graphically. 

The fall of potential at the electrometer (capacity of the latter 366 centims., in 
parallel with that of the condenser, 39 centims.) was observed at intervals of 15 
seconds apart. Hight readings in two series were made between the volume read- 
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ings. The initial potential being about 41 volts, and equivalent to 87 or 80 scale 
parts, respectively, each scale part is equivalent to about half a volt. The absolute 
values are without interest. As usual, care was taken to await constancy of tem- 
perature in the water bath. 

10. Data.—In the following table 8, the time of observation, in minutes, 4, the 
reading of the gasometer, V, in liters, fe reading of the Steer meter in scale parts, 
8, Ges atis== 250) and the temperature 9, of chee water bath are given in successive 
columns. In the second and third lens: moreover, the rate of efflux of the air, 
dV/dt, in liters/min., and the initial radial electrical currents /s/dt are tabulated. 
E, is the initial potential difference in volts. 


TABLE 3.—RADIAL CURRENTS IN THE CONDENSER AT DIFFERENT TEM- 
PERATURES AND IONIZATION. ie = 40 VOLTS. 
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As a rule, two values of dV/dt are entered for each temperature, one for a 
moderate current of about .50 liter/min. through the condenser and the other for 
the stronger current of about 1.0 liter/min. 

11. Discussion—The data of these tables might be constructed without 
further reduction in a graph where the abscissas are temperatures and the ordinates, 
ds/dt, proportional to the radial currents. Two curves are suggested, one for the 
high, and another for the low velocity, d V/dt ; but in view of the slightly different 
values of dV//dt implied in each, it is better to reduce to two volume standards. 
dV /dt=.45 liter/min. and 1.00 liter/min. were selected as most nearly coincident 
with the observations as a whole. The reduction was made compatibly with the 
results of my earlier paper, linearly from two values of dV/d¢ and ds/d¢ at each 
temperature. This linear relation is again incidentally shown in figure 5 at about 
19°. The slopes of these lines vary with temperature. 

Table 4 contains the original data and the values needed in these reductions, 
as will be seen at once. The 6th and 7th columns show the currents which obtain 
when the volumes .45 and 1.00 liter pass through the condenser per minute, 
Color data are omitted as of minor interest. One may note in passing that the co- 
efficients, d(ds/dt)/d(d V/dt) or ds/dV, also fall off to zero with the degree of 
ionization, and that they in general increase with temperature. The last columns 
of the tables contain results independent of the arbitrary scale of the electrometer. 


TABLE 4.—SUMMARY OF ELECTRICAL DATA. 
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If @ be the charge, s the deflection, C’ the effective capacity, # the potential 
difference, A the factor of the electrometer, Q= CAs; i=dQ/dt= CAds/dt, where 
i is the radial current. Thus 7/@= (ds/dt)/s. 

For the initial currents, as alone measured in this paper, one may always 
assume the simple exponential relation, 

G=@,e>, or 8= see 
where the subscripts zero refer to the initial charges, deflections, temperatures, ete. 
Hence, 7,/Q, = (ds/dt),/s) = — 2, is an appropriate variable for comparing the data. 
This may also be computed as —v=d(log s)/df, but the approximate method of 
computing ds/dt from observations 15 seconds apart is more conyeuient. 

The values of z so found for dV/dt=.45 and =1.00 are given in the last 
columns and make up the curves of the following and subsequent charts. 

The corrected values of «= (ds/dt),/s), when dV/dt is .45 and 1.00 liters per 
minute, respectively, are given in the graph, figure 6. Different dots correspond 
to different series. The curves are smoother than the uncorrected results would 
have been, and the values for low efflux are naturally more certain. For apart 
from instrumental difficulties, there is at high velocities a danger of interfering 
with the temperature of the ionizing phosphorus. Swift currents are not so easily 
cooled in the water bath and intense action of the ionizer contributes its own tem- 
perature error. In both curves the conduction of the insulators prevents the 
curves from actually reaching the abscissa. 

12. Contrast with color data—The character of these curves may now be 
examined in comparison with the color data of figures 3 and 4, the latter being 
specially available. In both there is a rise of activity from about 9° through a maxt- 
mum, and an eventual less pronounced decline of activity toward 35°; but in their 
details, the two sets of curves are very different. The nuclei of figure 3 are sud- 
denly produced in maximum concentration at about 13° C., as shown by the 
arrows ¢ in figure 6 et seq.; they then decline in number regularly and very 
gradually as far as observed. In figure 6, however, the ions show a gradual in- 
crease of number, even as far as 20°, after which their number also falls off to the 
limits of observation. . 

One may argue, therefore, that the nuclei as first produced are but weakly 
ionized in spite of their maximum condensational activity, As temperature rises, 
the latter property of the nucleus declines, but the ionization increases as far 
as about 20°. Thereafter both properties decline. As the number of nuclei de- 
creases from the reaction at 18° onward with increasing temperature, one may infer 
that the ionization increases with temperature ; from another point of view, that 
the ionization increases as the property of the nucleus to’ induce condensation 
diminishes. It is then with the nearly non-ionized nucleus that the maximum of 
condensational activity resides, just as if ionization were the result of a dissociation 
or a disaggregation of the nucleus, If, however, the nucleus is a concentrated 
solution as maintained below, then the critical density at which evaporation ceases, 
i. ¢., the stable diameter of the nucleus will vary markedly with temperature. 
Cf. Chapter V, $47. If now the properties of solutions in relation to Volta con- 
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tacts as conceived by Lenard, also vary with concentration, a second method of 
explaining the present occurrences is suggested, to which greater prominence will 
be given at the end of Chapter VI. 
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Fics, 6-10.—VARIATION OF THE LOGARITHMIC RATE OF ELECTRICAL 
DISCHARGE WITH TEMPERATURE. (ds/d¢)9 /s 9 AND 9. 
Fic. 11.—IONIZATION DUE TO DRIED PHOSPHORUS IN THE LAPSE OF TIME. 


13. Electrical experiments repeated.—It is doubtful whether the color experi- 
ments can be much improved. These results are bound to lack sharpness; but the 
electrical experiments are open to further development in the first place by 
retaining a constant velocity dV/dt throughout. This may be done by inserting 
a second stop-cock, ” (not shown), to check the air current to a fixed value, even 
when /7 figure 1, is quite open. In the second place the weakly ionized emana- 
tion at low temperatures should be tested directly as to its condensational power. 
One may inquire whether the reduced condensing power of the positive and the 
negative ionizations differ; whether at a given temperature definite ionization 
is obtainable quantitatively; ete. 

In table 5 results obtained by the same method as above are summarized for 
brevity. The volumes, 7 V/dt (liters/min.), of air charged with phosphorus emana- 
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tion traver ‘sing the condenser, are a nearly constant quantity in view of the second 
stopcock already mentioned. @ is the temperature at which the fall of potential, 
ds/dt was observed, s being the deflection in scale parts of the electrometer used 
above. The condenser was given a positive and a negative charge alternately, with 
the outer face put to earth. Four readings for the negative charge were included 
between similar sets for the positive charge. The conduction of the insulators is 
civen. The last column contains the datum «= — (ds/dt), /s%. 


TABLE 5.—ELECTRICAL CURRENTS IN THE CONDENSER, WITH THE MEDIUM 
IONIZED BY PHOSPHORUS, AT DIFFERENT TEMPERATURES. 
L4g=4E NOLES 355 — 73: 


; . ! 
6 aV | dt ds | dt so / so l 6 








| “ 
| | dV [dt ds/dt so / so 
- | | | ke 
Insulation _ | + 3.6 | 105 26.6° .48 + 15.5 + .21 
14.0° .48 + 5.5 | +.07 || 26.5 47 — 15.0 — .21 
14.0 49 — 6.0 = OChanl| 
/ | | 30.7 .48 TiS Ont ai tO 
16.3 .48 + 13.3 | +.18 || 307 | 47 =14.5), | az0n 
16.4 .48 — 14.0 — .19 
349 | .48 + 12:8 + .18 
19.8 .48 +180 | + .25 34.8 .48 — 13.0 — .18 
19.8 .48 — 180 | — .25 
22.8 .48 | AR TGs = ||) = Es-25 | 
22.8 .48 | — 17.0 == 228; 7|| 





14. Discussion.—The initial currents (7) are shown in the graph, figure 7. 
As a whole the results are much more definite than in figure 6, seeing that no 
reduction for volume differences is now needed. ‘Though there is a small differ- 
ence between the currents corresponding to the positive and the negative charges, 
this difference lies within a scale part and may be taken as an error of observation. 
The position of the maximum of nuclei is again shown at c. The range of the new 
data, after deducting the error in insulation, # = .18, is smaller than above, # = 21, 
a circumstance presently to be considered and attributable to moisture and leakage 
errors, or in general to the necessarily unsaturated condition of the ionization within 
the condenser. 

Moreover, the form of figure 7 differs from figure 6 and has approached more 
nearly to the color results of figure 4. The maximum, however, is still near 20°, 
so that the inferences above on the earlier appearance of the nuclei and the 
generation of the ions out of the nuclei, is sustained. 

15. Permanent conduction produced by the emanation.—At this stage of my 
work, I encountered a peculiar and puzzling series of phenomena which were not 
noticed in my earlier work, probably because the room temperature was purposely 
kept high and the atmosphere dry. After the air was passed over phosphorus 
freshly put into the tube a, figure 1, the condenser receiving the emanation was 
thereafter found to remain permanently conducting even with the air current shut 
off, precisely as though it had itself become radio-active. This conduction was 
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relatively so enormous that the electric currents could not be measured by the 
same electrometer and the occurrence of an internal metallic contact or break in 
the insulation was immediately suggested. I therefore overhauled the condenser 
carefully, inserted an internal bushing, replaced the internal rod by a new one, 
ete., all without effect. The condenser showed good insulation after putting it 
together, but became a conductor immediately after the passage of the first phos- 
phorus emanation. Permanent leakage due to dislocation of the solid parts was 
thus out of the question. 

This conduction vanished over night. It was reproduced as soon as fresh 
phosphorus air passed through the condenser. It then remained permanent, 
though gradually diminishing for hours, and was nearly gone again next day. 
Hence two causes are suggested: either a film of residual moisture aspirated off 
from the phosphorus grid (which, however, was as usual carefully dried by squeez- 
ing in a press between folds of blotting paper, and then exposed to the air, 
so that only traces of moisture can be in question) was precipitated in the con- 
denser to the detriment of the hard rubber insulation; or else some form of 
emanation given off from the phosphorus made the condenser radio-active,  In- 
cidentally, I may advert to the extreme caution needed before such radio-activity 
can be assumed, the behavior in both cases being essentially alike. 

Warming the condenser seemed to be useless. Moderate amounts of dry air 
(say 7 liters flowing out in about 10 minutes) passing over the phosphorus were 
nearly ineffective. It was no remedy to remove the phosphorus and pass dry air 
alone in the forward direction. Separating the condenser from the water bath 
did not change its conduction. Thus I found, for instance, for the condenser 
alone and free from air current, ds/¢d# = 33; an hour later, ds/dt = 25; next day 
ds/dt = 7 ; good insulation, ds/dt = 2. 

At 6 = 30° (water bath temperature), the tendency of the condenser to con- 
duct permanently was at first accentuated but soon completely wiped out. The 
electric current reached a normal value. This appeared so much like a moisture 
error that I further tested it by passing the air current backwards, through the 
condenser first and then over the phosphorus into the atmosphere, in this way 
drying both parts. Insulation of the condenser was thus at once restored. Again, 
on passing a considerable volume of dry air (say 15 liters, slowly) over the 
phosphorus, this too lost its power to make the condenser permanently con- 
ducting. Hence in the experiments of the following table the phosphorus was 
first dried in this way in a current of dry air. The work then progressed 
smoothly, showing the relation of the emanating activity of phosphorus to 
temperature in a new light. 

I may add again that in none of my earlier experiments were like discrep- 
ancies encountered. Possibly a corroded copper grid may be hygroscopic, some- 
thing like platinum black; or the room may have been exceptionally dry. 

16. Specially dried phosphorus grids.—In tables 6 and 7, @ is the temperature 
of the water bath, dV /dt the volume of dry air in liters passed per minute over 
the phosphorus: ds/d¢ is the corresponding initial radial electric current in the 
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condenser in arbitrary units, when the potential difference, /,, is about 40 volts 
and the initial deflection, sj, as stated. In both cases the insulation of the 
condenser in the absence of the air current is measured for each temperature. 
This is then deducted and the corrected electrical currents tabulated in the fourth 
column. In table 6 a channeled hard rubber bushing guards (unnecessarily, as 
it afterwards proved) against metallic contact of the core and envelope. In table 
7 this has been removed. The phosphorus in both tables is dried preliminarily as 
stated, by a current of dry air from the desiccator, entering the condenser first and 
passing thence over the phosphorus grid into the atmosphere. The last columns 
give the currents, (ds/dt),/s,) =%)/@,, Supposing that initially @= @ ,e—**—™, 
as stated in § 11. 

TABLE 6.—IONIZING ACTIVITY OF DRIED PHOSPHORUS. RUBBER BUSHING 


INSERTED FOR INSULATION. INITIAL POTENTIAL DIFFERENCE, 
Eo=40 VOLTS: -s, =7a. 








2 | oy . 

2 avide eae lat = SolS0 
19.2° 52 11.5 6.5 09 
18.0 52 9.3 4.3 .06 
16.5 52 7.5 4.0 « 05 
15.0 52 4.0 0.0 .00 
16.8 52 9.5 6.0 .08 
18.2 | 52 13.5 11.0 aos 
19.2 50 L83 13.0 .18 
20.6 50 19.5 T3n5 18 
22.4 5° 19.3 12.0 16 
27.2 aad 18.3 10.3 -14 
33.8 ae 16.3 9.0 +02 





TABLE 7.—IONIZING ACTIVITY OF DRIED PHOSPHORUS. RUBBER BUSHING 
REMOVED. INITIAL POTENTIAL DIFFERENCE £,=40 VOLTS. s,=73. 

















1 
2 | 2 > 
§ ] wWlat ds/dt oe So/So 
25.8° 50 8.8 a5 .10 
21.2 52 9.0 7.5 .10 
20.0 52 10.3 8.8 mlz 
18.8 50 10.3 8.8 3 
17.8 50 10.0 8.5 Bi 
16.6 55 9.3 7.8 arn 
15.5 52 75 6.0 .08 
14.0 5° 4.3 2.3 “co 
13.3 50 3.0 1.0 ol 
Insulation = 2.0 0.0 : 
{ Color experiments here showed Bl 
|| equivalent to .80 lit./min. At the out- 
After color |set, there was a momentary deficiency 
work (of nuclei (BI equivalent to 2.8 lit./min.) 
14.0 81 4.3 — 06 
14.2 105 4.3 = .06 
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17. Discussion.—The results of these tables are shown graphically in figures 
8 and 9, where the currents (/s/dt),/s, are, as usual, the ordinates. In a general 
way, the character of figures 6 and 7 has been preserved, inasmuch as there is 
maximum ionization at about 20°; but the details of behavior are again different. 
In the first place the scale of the phenomenon is gradually reduced, as the emanating 
body is repeatedly subject to desiccation, This merely means deficient phosphorus 
surface, as I was not at the time aware how soon phosphorus is consumed by slow 
oxidation in these experiments. 

There is no certain tendency of the maximum to move into smaller temperatures 
in the later experiments. Thus when /V//dt = .50, nearly, 


figure 6, maximum (ds/dt),/s) = .20 alteziOm. 
figure 7, = .20 19°, 
igure 8, = 18 20°, 
figure 9, =a 19 


Whether the phosphorus is being actually consumed, or whether merely a 
superficial change is in question, will be investigated below ; but the charged air 
eurrent is gradually further removed from saturation and will continue on the 
decline in the following experiments. Moreover, here is an explanation of the dif- 
ferences of slope shown in the volumetric and electrical curves of an earlier paper.! 
For the degree of “dryness” reached wholly determines the electrical curve without 
in the same degree influencing the volume curves, as will presently be further 
manifest. 

In all cases the dependence of the electrical results on temperature remains 
quite different from the corresponding dependence of the color data or temperature. 
Special experiments made at the end of table 6 with identical apparatus showed 
strong color activity at 13.6°, viz, blue corresponding to .80 lit./min. while the 
subsequent electrical measurements at 14° (see table 6) reproduced the original 
exceptionally low conductions. 

The position of the phosphorus grid in the tube, ab, of the water bath, figure 
1, showed an effect insufficient to be of moment in relation to the phenomena under 
discussion. Thus 


Rear position, furthest from end @ and condenser, (ds/adt))/5) = .13 (see 7, figure 9). 
Front position, nearest to condenser, = .17 (see f, figure 9). 


Nevertheless there is nearly } more saturation when the phosphorus grid is nearest 
the condenser than when remote, a circumstance which, as already intimated, makes 
it difficult to investigate saturation in this way. Any connecting tube between 
ionizer and condenser is an absorber, particularly if bent. 

18. Corroborative experiments with the color tube.— A series of experiments 
were now begun with the steam jet, to ascertain the difference between the character 
of the emanation immediately after the phosphorus grid has been prepared (without 
preliminary desiccation) and after a large volume of dry air (20 to 30 liters) has 
been passed over it. If the relatively enormous currents obtained in the condenser 


' Experiments with Lonized Air, Chap. V, p- 69. 
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in the first instance are due to nuclei, there must be a corresponding result in the 
volume per minute of the saturated emanation necessary to produce a fixed color 
(blue) in the color tube. The reverse is the case, as will be seen in the following 
table where nuclei and ion production are in a measure reciprocal occurrences. In 
other words, the initial enormous conductions are accompanied by an abstraction 
of nuclei. 

Three phosphorus strips were as usual dried in press between folds of bibu- 
lous paper and then exposed to air for some time. They were then inserted into 
the tube, ad, of the water bath, figure 1. The initial (apparent) ionization as tested 
by the condenser was invariably too intense to be measurable. The condenser was 
then removed and a short tube, C, added to obviate excessive absorption before 
discharging into the color tube. 

In table 8 the liters of dry air which have passed over the phosphorus strips 
are given under Z. The successive liters of emanation per minute to produce the 
standard blue are given in the third column (dV/d¢); the fourth gives the current 
when the emanation passes through the condenser at the fixed rate of .5 lit./min, 
selected for convenience. 


TABLE 8.—CONDENSATION-PRODUCING ACTIVITY OF THE INITIAL (“WET”) 
AND FINAL (“ DRY”) PHOSPHORUS EMANATION. TEMPERATURE 18°. CUR- 
RENT IN CONDENSER DUE TO.s5 LITERS OF EMANATION PER MINUTE. sy = 73. 








Color, | Z£ dV dt | ds/dt Remarks. 
| | 
| | 
| : ee 
— ee Condenser discharged within 7 *** 
Bl ee (NF gar hs e : : 
Bl GEA le a60 me les Condenser discharged in to ** 
— | 3 | — | 100 Current estimated. ; 
Bl | 20 143 | 15.5 | Phosphorus “dry.” Insulation 6.5. 
Bl | 25 140 | — Ionization constant. s/s, = .21. 








ANOTHER EXPERIMENT; PHOSPHORUS GRID SCOURED TEMPERATURE 21°. 


Bl —|o—4 | 115 } — Opaque not attainable due to insufficient nuclei; condenser 
discharged within 7 °* 

Bl 8 100 ~| 200 Opaque now attainable; condenser discharged within about 
20 “; current estimated. 

Bl a go —_ 

Bl —_— 103 — ‘ 

Bl 15 go 9.5 Insulation 1.0; nearly perfect. 

Bl 20 go _ Ionization constant; 59/S) = .13. 

Bl 27 100 _ Do. 








The first part of table 8 shows definitely that when the currents are too large 
to be even estimated, the emanation needed to produce the standard blue is larger 
than at the end of the experiment where the radial currents have fallen off to their 
small fixed value. Thus the high conduction is without nuclear condensing effect. 





a 
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In the second part of -table 8 the volumes are nearly constant except at the 
beginning, where it was found impossible to obtain opaque or even full blue, what- 
ever volume is passed through the ionizer. ‘The necessary number of nuclei was 
not forthcoming. As in the preceding table, however, less than ten liters of air are 
sufficient to dry the phosphorus into full activity so far as the color is concerned, 
whereas the conduction still retains abnormally large values. 

Another reciprocal relation is shown on the table. dV/d¢ here happens to be 
unusually large, so that the phosphorus is for some reason weak as a nuclei pro- 
ducer. I therefore washed and scoured the surface of the grid, obtaining the usual 
order of values in the second part of the table. On the other hand, the currents in 
the first part are larger than those of the second part. Here again, therefore, the 
tendeney to produce nuclei reciprocates in intensity with the tendency to produce 
ions, or better, to produce conduction in the condenser. The latter is facilitated by 
the presence of traces of moisture, but nuclei are not so produced. 


TABLE 9.—BEHAVIOR OF EMANATING PHOSPHORUS COMPARED WITH DAMP 
PAPER. TEMPERATURE 17.6°. CURRENT IN CONDENSER, .52 LITERS OF 
AIR PER MINUTE. INITIAL POTENTIAL DIFFERENCE, £ = 40 VOLTS. 






































59 = 71. 
eae = ———— ——_— : 
ys dsjdt | Time. | rope | 
| = min =e 
Insulation = | 3 ad 04 Current of dry air. No wet paper. 
—18 o" .06-, 1a) eras . : 
NUCH pene g oe | : 2 || Current of dry air passing over wet 
« Ue a en + paper into condenser. Large cur- 
— Tek . 
« om 7 a | rents estimated. 
7 100 10 Tso) |\h) 
us | 
Insulation ° 100 = 1.50 } 
oe | . 
Zar 64 — -90) | Ded removed. Air current grad- 
“ . 
=e 20 a 28 ually dries condenser. 
“cc 7.5 4 a 06 J ‘ 
Insulation = | 2 | = 03 Phosphorus in place. No air current. 
Pl 1 _ a { Air current through condenser. Dis- 
rot alae 75 | 5 {charged within 7 sec. 
Insulation | after 7.5 | = | — — Discharged in 15 sec. No air current. 
| | Ss 
Phosphorus) UI 80 | = 1.13. | Current estimated. 
“cc 15 13 | 30" 18 
Insulation after 15 5 aa 07 No air current. 
Phosphorus | 21 ees} 45” 18 ; 
Insulation — —= .08 No air current. 
= = 
| | 
Phosphorus 28 41250 | 60" at 
Insulation | = 2.0 — .o3 | No air current. 
| | Z a a 
— | | 
Phosphorus 35 2s Sal 75" frS, 4 
Insulation = 2.0 | — -03 | No air current. 
| 
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19. Corroborative experiments with damp paper.—Another method of throwing 
light on the inquiry will be a comparison of the conduction produced in the 
condenser by air passing over damp filter paper with the corresponding case of air 
passing over phosphorus. 

Table 9 shows results contrasted in this way. Z is the number of liters of air 
aspirated over the body and passed through the condenser, ¢ds/dt the corresponding 
currents in arbitrary units at the times stated. From these (ds/d¢))/s) is found. 
The degree of insulation of the condenser is also tested successively, both with 
dry air currents in the absence of ionizers and with the air currents following 
in the absence of ionizers. The wet paper behaves in a less intense way something 
like the phosphorus in the second part of the table. The rise of conduction, how- 
ever, is gradual, the conduction at best moderate and the return of the condenser 
to the original degree of insulation relatively rapid. With phosphorus, the con- 
duction after the first minute or so has risen to the immeasurably large values and 
when the air current ceases the condenser shows similar conduction. Much more dry 
air is needed to desiceate the condenser and the phosphorus to normal values (fully 
twice as much as in the preceding case). Eventually the currents also return to 
the normal, relatively small limit and the insulation of the condenser is nearly 
perfect again. 

Qualitatively, the two phenomena run in parallel; quantitatively, they are 
enormously different. Inasmuch as the paper is obviously wet, whereas the phos- 
phorus grid has been dried short of the desiccator, inasmuch as any emanation 
must behave like a water evaporation, I think that the volatile body is probably 
of the nature of a hydrophosphide. Some electrically active substance is distilled 
in the presence of moisture and precipitated in the condenser. 

20. Corroborative experiments with desiccators.—The final test made to detect 
the character of the emanation was one of direct desiccation over chloride of cal- 
cium, before insertion. The day happened to be damp and the insulation poor. 
The experiments, however, are none the less definite. 

(1) Phosphorus dried in air and inserted into the dried tube of the water 
bath, a, figure 1. The condenser was at once discharged on passing the air 
current through it. On removing the phosphorus the condenser showed too large 
a leakage to admit of the measurement of current. All appurtenances were now 
dried in a current of dry air and the final insulation determined. 

(2) The phosphorus grid, having been placed for about 15 minutes in the 
desiccator was again inserted into the tube, ad. The current now obtained was 
ds/dt = 37; the insulation proved to be ds/d#= 30. Hence the current due to 
ionized air was but d¢s/dt=7, and abnormally small value, but indicating the 
absence of moisture, 

The phosphorus grid was once more put in the desiccator for 15 minutes. 
After replacing it in the water bath the current observed was 40; the insulation 27. 
Hence the leakage due to ionized air is here ds/dt = 13, agreeing with the usual 
order of ionized values above. 

Owing to the unfavorable condition of these experiments, not much definite- 
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ness was to be anticipated from them; but they show clearly that the enormous 
initial emanation from fresh phosphorus is all but wiped out, relatively speaking, 
after the phosphorus has been dried preliminarily over calcic chloride. Whether 
in the rigorous absence of all moisture phosphorus would cease to ionize air, 
remains to be seen. It is also a question whether the desiccation over calcic 
chloride may not be accompanied by detrimental chemical action, referable to the 
chloride. 

21. Effect of prolonged drying.— A final attempt was made to see if, after 
continued drying over calcic chloride, the ionization would be wiped out altogether. 
The following table shows this to have been unsuccessful, although the conduction 
falls to low values. The room was favorably dry and warm and the leakage 
errors in the condenser not appreciable. The effect of long exposure is shown in 
the first part of table 10. After nearly 5 hours the potency of the ionizer is not 
diminished (see figure 11). It has rather increased, due possibly to the attraction 
of traces of moisture even within the permanently dried tube of the apparatus, 
figure 1. An extra tube of calcic chloride was attached. In the second part of this 
table the temperature effect is again tested for this specially dried phosphorus. 
The corresponding graph is shown in figure 10, and the ionization is weaker than in 
any earlier experiment. Nevertheless the results show maximum activity in the 
neighborhood of 20°, though even at 12° the ionization is not quite extinguished. 


TABLE 10.—PROMISCUOUS EXPERIMENTS WITH VERY DRY PHOSPHORUS. 
E, = 40 VOLTS. ROOM HOT. INSULATION PERFECT. EFFECT OF 
STU Vili si = 27.0; 





6 ee jt | ds|dt | ‘Time, | solo 

Ack = ot ee ee z . aS 
| | | 
TONGS 45 IL o" o™ morning .16 
19.5 45 | 11 8" / | .16 
20.2 45 12 55” 7h. dry air over | at 
20.8 43 11 2" 07" .16 
21.2 43 10 » 21™ afternoon a14 
16.0 47 | 13 33" .19 
16,2 | 45 14 44" 20 
EFFECT OF TEMPERATURE. 

21.0. 45 7 | .10 
14.7 A 3 aoe 
12.1 44 2 | | 03 
18.1 40 6 | .09 
27.0 | 43 7 10 
32.0 43 6 .09 


The exceptionally low ionization is not accounted for except as due to deficient 
phosphorus, the natural result of long continued consumption. 

29. Promiscuous experiments.—Having investigated the effect of the tempera- 
ture of the body of phosphorus on its emanation, I next purposed to ascertain the 
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dependence of the emanation itself on temperature. This could be done by 
surrounding the condenser with a steam jacket (shown in figure 2, 7/, s, s, being the 
influx and efflux pipes) and noting the effect of the rise of temperature of nearly 
100°. After repeated trials, however, I found that the high temperature so far 
diminished the insulation of the hard rubber bushings of the condenser, that 
no measurements would be trustworthy. On cooling the condenser, the insulation 
again became perfect. Quartz insulators suggest themselves as probably alone 
available. 

23. Comparison of old and new grids —Trial was made with freshly cut 
phosphorus, the grids used in the above work being as much asa year old. The 
results show a like order of values for both, in spite of the intense fuming of the 
new grids. Nevertheless, the latter is apt to be from 2 to 3 times stronger than 
the old grid. Thus after thoroughly drying the new grid over calcie chloride and 
testing it at 21.5° the data were: 


dV /dt = .42, (ds/dt),/s9 = .20, 
.43, —=.,20: 
Exposure to the air of the room for about half an hour after desiccation was without 
effect. 

The question as to the maximum number of nuclei producible by phosphorus, 
thoroughly dried over ealeic chloride, under favorable conditions, was deemed 
sufficiently important to justify the additional experiments detailed in table 11. 
The data are obtained from an entirely new adjustment of apparatus, including the 
electrometer; but they are nevertheless a corroboration of what has just been 
stated. The attempt to prolong these experiments indefinitely was cut short by 
spontaneous ignition, 

This experiment proves that the air in all the earlier experiments was under- 
saturated, agreeing with an earlier paper from which values are quoted in the next 
paragraph. 

TABLE 11.—BEHAVIOR OF FRESH DRY PHOSPHORUS IN EXCESS. ££) = 41 
VOLTS. @ = 20°, INSULATION PERFECT. DESICCATED 20" OVER 

















CACLeg. 
OO l T= ae 0 ae 

107 X 107 X 
So dV /dt ds/dt SolSo 
934 43 192 20 
44 178 19 
44 180 19 
gto 44 170 19 
44 174 19 

Ins. | — 6 

5 "slater. P in place. 

44 150 20 
755 44 148 20 


Spontaneous ignition on removing from water bath. 
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24. Older data compared with the present data—It is finally worth while to 
adduce the corresponding data of an earlier paper. The equivalent colors of the 
steam tube are the yellows and crimsons of the second order. The temperatures 
are 20°-30°. 


TABLE 12.—RELEVANT DATA FROM EARLIER PAPERS. £, = 40 VOLTS. 


ps : 10° xX | TO EX 
Color. Temperature, 4 | (ds|db), sq 





| 
WiellOWaemee niteis = sickle sesso 30° | 50 | 16 
WVAC I Ohwarererele fesevens) cter sce: se «: 013 30 65 | 17 
Crimson..... Mere rere Ra Moke oye 30 43 | 11 
Welllow= Green iwrjs 1-110 - 2.0» 21 50 | 13 
DAC ll Onvzresisyenerasitesctstel eve cis clase | 24 58 22 
(CmBongan one ooondsee Beis | 24 42 14 





Clearly then, for d V/dt = .43, nearly, the order of values for the currents is 
the same here (the experiments made over a year ago, but with the same grids) as 
in the above experiments. The room being very hot insured dryness in that work 
without preliminary desiccation. Large volumes of dry air had been passed over 
the grids, moreover; for colors of the first order were principally observed, requiring 
even as much as 3 liters/min, per observation, 

The arrows (7, new and 9, old) in figure 9 show the relation of the results in 
the last table to the values for freshly cut phosphorus in excess given at the begin- 
ning of paragraph 28. Since from the old values the number of nuclei was 
computed asm = 8 X 104, the new values would make them approach n =16 x 104, 
about half the datum found with plate and with spherical condensers by entirely 
different methods, remembering that from the occurrence of an absorbing influx 
pipe, the air within the tubular condenser can nowhere be quite saturated. 

25. Conclusion and summary. —The experiments with phosphorus show that 
nuclei adapted to condense atmospheric moisture are produced most abundantly 
at about 18° C. Below this, the rate of production decreases with enormous 
rapidity (just short of suddenness), probably ceasing at about 8°. This holds 
true for very different velocities of the dry air passing over the phosphorus. 
Above the reaction temperature, the activity decreases slowly as temperature 
rises, having not decreased more than 25 per cent at 385°. Since the phosphorus 
is superficially heated by the reaction, sharp statements are out of the question. 

Below 13°, the opaques of the color series are absent and the maximum 
tints are fainter and of increasingly higher orders. ‘The strongest permanent 
color may be reached by very gradually increasing the charged air current. A 
limiting velocity decreasing with temperature may thus be reached, beyond 
which all colors vanish and the reaction is quite “blown out,” as it were. It 
is probable that in these experiments the chemical reaction supplies the defi- 
ciency of temperature. Suddenly opening the stop-cock after a period of qui- 
escence shows puffs of color under these conditions, which also vanish as 
temperature decreases below 13°. Putting W=n, where WN is the number of 
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particles generated per second per superficial square ceutim. of phosphorus, 7 
the number per cubic centim. of the ionized medium, & their velocity in any 
‘ardinal direction, the variation of WV is to be ascribed to n, & being relatively 
constant. 

In contrast with the color data (nuclei), the ionization of air passing over 
phosphorus increases with temperature to a maximum at about 20°, after which 
there is a less pronounced decline. his ionization is not an arrival comparable 
in suddenness with the appearance of nuclei, nor are the maxima identical as to 
temperature. One may infer that the nuclei as first produced are weak in 
ionization but of normal strength in condensational activity, that thereafter the 
latter property declines because (probably) the ionization increases as far as 20.° 
Finally both properties decline. This reciprocity is accounted for if the ionization 
is a result of the dissociation of nuclei; but another explanation will follow in 
Chapter VI, $47 et seq. The degree of ionization found is here independent of the 
sign of the charge used in testing. 

If the phosphorus grid is not preliminarily quite dry, traces of moisture are 
apt to escape with the emanation and produce permanent conduction in the con- 
denser. Considerable variation of the electrical coefficients may thus ensue, though 
the color results are, relatively speaking, but slightly affected. As the electrical 
discrepancy seems to be out of proportion with the quantity of moisture present, 
it is probable that the emanation escapes in some combination with it. The 
whole phenomenon vanishes on thorough desiccation both of the phosphorus and 
the apparatus. Grids frequently treated in this way show a gradually decreasing 
ionizing intensity, probably due to the continued consumption of phosphorus or to 
a removal of effective surface. Throughout the experiments the relation of the 
color curves to the electrical curves remains practically unchanged, in spite of 
the different degrees of saturation (ionization). 

The relatively enormous conductions associated with non-desiceated phos- 
phorus are without a color effect when tried in the steam tube. They rather 
give evidence of an abstraction of nuclei. Moreover, such reciprocal properties 
are manifest in other instances, $18. Air passed over damp paper behaves 


similarly to the emanation from non-desiccated phosphorus, with a difference of 
intensity in favor of the latter. Desiccation over calcic chloride removes the in- 
cidental conduction entirely. The emanation may thus be dried to a limiting 
degree of ionization which is not then further reduced on drying, In practice 
all operations should be made with desiccated phosphorus ; otherwise the baffling 
discrepancies encountered in the case of plate and spherical condensers! may be 
anticipated, 

By using freshly eut fuming phosphorus in excess in the ionizer, it was possi- 
ble to increase the radial currents in the condenser to nearly twice their usual 
value, remembering that the emanation within the condenser is in all parts essen- 
tially unsaturated. Hence the low concentrations formerly’ found for tubular 
condensers (8 X 104 nuclei per cubic centim.), is made to approach the value found 
from plate and spherical condensers more nearly. 

1 Experiments with Ionized Air, \. c., Chap. VI. * [bid., Chap. V. 
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GENERAL OBSERVATIONS RELATING TO CORONAS AND AXIAL COLORS. 


INTRODUCTORY. 


1. Purposes of the present chapter.—I have stated above that it is the chief 
purpose of the present volume to throw light on the structure of the nucleus from 
measurements made of the apertures of the coronas of cloudy condensation, vari- 
ously produced. As these coronas are not merely expansions of the well-known 
form, but present complications which make the direct measurement of aperture 
beyond a certain order of magnitude of but little value for classification, it was 
thought necessary to enter somewhat at length into the investigation of these phe- 
nomena. Incidentally, an outstanding inquiry of my first volume, as to the rela- 
tion of steam jet or (axial) color tube colors and coronal colors is thereby definitely 
answered. 

2. Classification of the experiments.—The object of the present chapter is, in 
the first place, to map out the sequence of coronas in case of water vapor, in terms 
of the numbers of particles producing them, relatively. The extreme diversity of 
coronal display seen in moist nucleated air lends itself well to a geometric method 
of classification when the colors are produced by successive exhaustions. The 
classification is thus primarily suggested by experiment. 

In the second place, I shall make certain theoretic deductions from the time 
losses of nuclei observed, which clear up some moot points left in abeyance in my 
earlier experiments on the same subject. 

I purpose in the third place to contrast the color of the central patch of the 


coronas with the axial colors seen in the steam jet, or under like circumstances 


with even greater saturation, in the adiabatically exhausted drum. The coronas 
must in large measure be diffraction phenomena; the axial colors cannot be so 
explained, but are evoked by some unknown kind of harmonic absorption. The 
contrast is sharply brought out by the experiments. 

Finally, I shall make an estimate of the absolute dimensions of the water 
particles in action and of their number, and indicate a method which will be 
pursued in the next chapter (IID), in a quest for definite absolute results. 


APPARATUS. 


3. Tubes—In my first experiments, tubular apparatus were used, after the 
manner of Kiessling and Aitken. But in these instances the colors are too fleet- 
ing and, if obtained artificially with nuclei, are apt to be too dull for good dis- 
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crimination. The charge of nuclei is removed too rapidly by the condensation, the 
fall being too small to admit of much evaporation. If the tube is horizontal, two 
longitudinal vortices, as shown in figure la, are seen immediately after exhaustion, 
as the air heated by the sides of the tube rises on the outside and descends into 
the axis. Fog is soon dissipated in this way (a condition of things which may be 
traced even in very wide vessels), or else its homogeneity is impaired. When the 
tube is held vertical, there is a corresponding difficulty. Under no circumstances 
is there a guaranty that the charge of nuclei added is ever uniformly distributed. 
It will be of unequal density along the length. 

Tubes have an advantage inasmuch as they insure the occurrence of truly 
axial colors, and for this reason I spent some time with them. The general form 
of tube is given in figure 1, 4A being the tube, d the tubulure for exhaustion, ¢ 
the tubulure for influx of pure air through the filter, f, containing compressed 
cotton. When the cotton is removed, nuclei may be admitted here. White light, 
LZ, enters by the window, 4, and is observed through @. 

Even with tubes but 3 em. in diameter and less than a meter long, the axial 
colors are strong, but the dull colors soon vanish. Immediately after charging 
with nuclei, dense opaques are the result of the smallest exhaustions. No special 
advantage was gained favorable to purity of color when the diameters of the metal 
tubes were increased to 5 em., the tubes being 2 meters long. In case of glass 
tubes of these dimensions illuminated by sunlight, the gradual extinction of the 
light along the axis is well observed. The diffraction colors are also seen on 
oblique vision from the outside of the tube. The end colors are of no value and 
the light scarcely penetrates beyond one meter. 

4. Disc.—Incidentally T also tried a dise-shaped apparatus, figure 2, consisting 
of two glass plates, y and g, secured by a metallic ring, 7, Without removing the 
above difficulties, the colors even of the coronas were here very weak and the 
apparatus too fragile. The disc is a close approach to a surface apparatus, how- 
ever, and from this point of view, often useful. 

5. Globes.—For studying coronal colors, spherical receivers, A, figure 3, as 
used by Coulier and by Kiessling, ave preferable. Their diameter should exceed 
25 em. With divergent sunlight the display is gorgeous, the colors glowing 
metallically. The mantel of a Welsbach burner W, seen through a round hole, a, 
in the screen, s, is better for the usual observational purposes. To an eye at £, 
the axial colors (colors seen in the color tube’ in case of the steam jet) are not 
very vivid, for the absorption along the column aé is not sufficient to subdue the 
intensity of white light from W. The diffraction colors, as ach, are splendid, par- 
ticularly on blotting out the axial beam, ad, by a small black circular screen, pasted 
to the sphere in front of the eye. The vortices suggested in figure 1a, are now no 
longer violent. They serve rather a useful purpose in keeping the contents of the 
receiver homogeneous as to dust contents. It is with this apparatus that the 
colored central patches of the coronas, carefully to be distinguished from the axial 
colors, are best observed. The lid of the globe secures the gauge G, the exhaust 
pipe @ and the filter f, all with appropriate stop-cocks. 

* Experiments with Ionized Air, \. c., Chap. I. 
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The description of other apparatus (drums) specially adapted for axial colors 
will be given in § 19. 








G 


Fic, 1.—CONDENSATION TUBE. FIG. 2.—CONDENSATION DIsc. 
FiG. 3.—CONDENSATION GLOBE, 
RESULTS FOR CORONAS. 

6. General character of the phenomena.—As a whole, the diffraction pattern in 
homogeneous light is a contraction inward of dark rings, in proportion as the 
particles during the course of exhaustion of the nucleated moist air grow larger. 
This motion is almost instantaneous on sudden exhaustion, but may be made 
visible on gradual exhaustion. The rings, moreover, which are at first very diffuse, 
contract as the exhaustion proceeds to small, sharper diameters. Ordinary coronas 
may be seen even when the precipitate is rainlike. 

The occurrences, however, are by no means a succession of ordinary coronas 
(normal coronas, I shall call them), like those produced by lycopodium. The 
initial and particularly brilliant -coronas corresponding to finer particles have 
colored central fields, and it is only after many exhaustions that the normal white 
centered corona is reached. If the nucleation is very intense the coronas are apt 
to be distorted with certain vapors and to tend to become stratified. Frequently 
(and here even with water vapor) the colors mount from the pool of liquid below. 
These irregularities occur more easily with hydrocarbons like benzine, ete., which 
loads the nuclei more heavily and maintains larger nuclei than water. It is 
oceasioned by the subsidence of loaded particles, rapid as compared with their rate 
of diffusion when unloaded. On shaking the receiver violently and comminuting 
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the liquid contained, the charged air again becomes homogeneous as to nuclei and 
the coronas uniform, though this shaking introduces a new phenomenon, With 
benzine, ete., gradual distortion of the coronas will repeatedly oceur, and for this 
reason the following results refer to water vapor exclusively. Distorted coronal 
display will be taken up later. 

The time during which a given charge remains active if not interfered with is 
indefinitely long, but with a continually progressing evanescence of nuclei. Coronas 
are well produced three hours after charging. They occur faintly and contracted 
in form even after more than twenty-four hours. In such cases there are many 
mysterious qualitative changes, which will be treated in turn below. On standing 
over night, rain-like precipitation is apt to occur. Fogs may be spontaneously 
produced in a highly nucleated receiver without any supersaturation whatever. 
On the other hand, coal gas carries nuclei indefinitely, as if they were part of 
itself. 

7. Observations with small globes—The information first to be sought is some 
practical classification of the sequence of coronal colors, and of the axial colors 
seen in these experiments. The latter have already been referred to as the flame 
colors seen along a, figure 3; the others are largely diffraction colors seen along 
ach. It will be found that these colors are very different. If the corona has a 
central field other than white, the axial color is always nearly complementary to the 
central patch of the corona. As the cloud particles grow in size, both central color 
phenomena pass through Newton’s series, at a definite phase difference apart. 

I give in the following table certain preliminary results obtained with a small 
globe, but 23 cm. in diameter. The numerals in the first column relate to table 4, 
as a standard case, and show the number of exhaustions there needed to reach a 
similar corona. The remaining columns show the number of exhaustions made 
with the present apparatus, to obtain the adjoining color sequence, the colors 
being reckoned from within outward. An attempt has been made to arrange both 


TABLE 1.—PRELIMINARY DATA FOR CORONAL COLORS. SMALL GLOBE, 
DIAMETER 23 cm. EXHAUSTION 76-63 cm. DISTANCE OF SOURCE, 
D=1I100 cm. 























| 
From Exhaustion From Exhaustion 
Table 4. | No. | Corona. ! Table 4, No: | Corona. 
; | | ce ee ae 
1-2 I Wh-yl, reddish 1-2 | Fog, dull rd, dull gr 
3-4 2 | Gr, rd | 3-4 Fog, rd 
3-5 | YI, rd, slate 5-7 Yl, cr, slate 
6 Y1-gr, gr, viol, gr 8 Yl-gr, bl-gr, rd 
7 Yl-gr, rd, gr, rd 9-11 Yl-gr, cr, bl-gr 
13 8-9 Y1-gr, rd, gr, rd, slate | 12 Yl-gr, rd-br, bl, gr 
10-11 Yl1-gr, rd, bl, gr, rd Wh, dk bl, rd, gr 
15 12-14 | Wh, rd, bl, gr Wh, cr, bl, gr 
17 15-16 | Wh, bl, rd 
17 Wh, cr, bl, gr 
3 Normal coronas 









' Use of hot water tried, but without advantages. 


= 
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observations in such a way that corresponding coronas fall on the same line. This 


is here but partially successful, probably because the importance of the time losses 
is underestimated. The feature of the table is the prevalence of blues, and the 
results differ in this respect from those for the larger globes below. 

The color abbreviations used easily suggest themselves, except in the cases of 
er green, bl blue, ol olive, cr crimson, op opaque or black, dk dark. Gray and black 
will be written in full, I have thought it expedient to give a very complete series 
of color observation, both because it is not clear that the sequences for large and 
small globes are the same, and because of the difficulty of identifying different series, 

8. Observations with a larger globe.—The following table contains examples of 
results chosen at random, for the larger globe 80 cm, in diameter, for different dis- 
tances of the light, different exhaustions, and nucleations. These coronas are easily 
recognized by aid of table 4, but their full classification is again difficult because 
the time losses are not adequately allowed for. The coronal colors are given from 
within outward, and the number of exhaustions made is attached. In the first 
part of the table the exhaustion is smaller than in the second. When compared 


TABLE 2.—PRELIMINARY DATA FOR CORONAL COLORS. LARGER GLOBE, DI- 
AMETER 30 cm. EXHAUSTION, 76-58 cm. DISTANCE OF SOURCE, 
rooMcmny Ok winSs: 








| | a a 
3 3 
a oa 
1-2 1-2 | Fog, rd rim 1-9 | Sulphur nuclei 1 | Wh, reddish 
3-4| 3-4| Gray gr, gr Dense fogs t | Wh, reddish 2 do. 
5-8| 5-8) Gr, rd, gr rising from 2 | Wh, cr, yl-gr 3 | Wh, cr, olive 
g-10 9| Wh, ol, bl, gr | bottom 3 | Wh, olive, rd | 4 | Gr, rd 
II 10| Wh, gr, bl ro—-12 | Wh-gr, rd 4 | Gr, rd, gr 5 do. 
12-13 | 11-12 | Gr, bl, rd 5 | Yl-gr, rd, ol, rd] 6 | Yl-gr, rd, olive 
14-16 | 13-15 | Wh, yl, rd, gr 13-19 | Yl-gr, rd, bl-gr 6 , Wh, rd, gr, rd 
17 16| Wh, gr, bl, rd 
18 17 | Wh-yl, br 
21 | 18-20] Normal coronas 20 | Gr, bl, rd 
21 | Wh, gr, bl, rd 
22 |Wh-yl, rd, gr 
23-26 | Normal coronas | 


























1 A second experiment required 13 exhaustions before coronas appeared, Sequences of color, similar. 


EXHAUSTIONS 76-53 cm. 





. | 
3 1 |Fog reddish 1-2 | Wh, tawny 1-2 | Gray, tawny * | 
5 2  |Wh, bl-gr, rd 3 | Wh, olive, br-rd || 3 | Wh,olive,rd,br | 
7 3 ~+|Yil-gr, rd, slate 4 | Yl-gr, viol 4 | Yl-gr, slate 
9 omen |Wleder s | Wh, or-br,gr_ || 5 | Wh, or-rd, gr 
10 5  |Wh-yl, cr, gr,*pk 6 | Wh, cr, ol, rd, bl 
TI-I2 6 |Wh-gr, gr-bl, rd 7 = Wih, er, er | | 
13 7 (Mb br) gr, pk 8 | Wh,or-rd,gr,viol | | 
14 8 |Wh, br, bl, rd, gr 
15 g |Wh, cr, bl, gr, rd | | 
a ee | 


DER eErS 





2 Blue later. Retrograde passage after exhaustion very marked. 5 Flame colors respectively, bl, bl, yl-br, pk. 
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with table 4, the latter therefore advance faster than those in the first part. After 
exhaustion (reheating) the coronas follow each other in reversed order, but they 
soon vanish. When the nuclei are very dense (as when obtained from burning 
sulphur) it may take ten or more exhaustions to clear the fogs before the colors 
appear probably as a result in part of unevenness of nucleation. It is then difficult 
to place the coronas in the second and third columns. The nuclei are not removed 
in thirty exhaustions, though to determine the limit greater care must be given to 
the filtration than was here thought necessary. The occurrence of new coronal se- 
quences (change of the gr, rd, ete., into the rd, gr, series), after so many exhaustions 
is none the less striking. 

9, Awial colors —The final exhibit to be preliminarily made is the contrast 
between the color of the central field of the corona and the axial or flame color. 
It has been stated that the interior circular field of the coronas is at first colored 
and that this color is more and more invaded by diffuse white light growing from 
the center outward. Only after many exhaustions does the normal corona with a 
permanently white central field and the regular distribution of colored annuli, 
appear. The color of the central field always differs strongly from the axial color, 
and this is one of the important observations of this chapter. Indeed, the follow- 
ing tables show that the axial color is nearly complementary to the color of the 
inner field of the corona. The two are thus distinct as to the nature of their 
origin, and one is tempted to conclude that the colors absorbed in the axial beam 
are the ones which illuminate the central coronal patch. 

Observation is naturally very difficult. Both colors are fleeting. The axial 
color is always strongly admixed with white light, which soon overpowers the 
effect of absorption altogether. A long column is thus needed for strong axial 
colors, even under favorable conditions (colors of the first order). The globe, 
therefore, which shows the coronas very well (admirably when projected against a 
black background), will not show the axial color favorably as they are necessarily 
projected against the flame. I endeavored to overcome this difficulty by a variety 
of devices, using polarized light, but without substantial results. 


TABLE 3.—PRELIMINARY COMPARISON OF CORONAL CENTER AND AXIAL 
COLOR. EXHAUSTION, 76-58 cm. 





























| ] | i] || 
From | Exhaust) Axial Coronal Exhaust Axial [Coronal | Exhaust} Axial coronal | Exhaust Axial | Coronal 
Table 4.. No. | Color, | Center. |) No. | Color. Center. No. | Color. | Center. |} No.' | Color. | Center. 
7 Joe ee | {ee | See | : a 
, | Bl | Fog || 1 | Bl |Wh-br) x | BI | . |B Fog 
2 2 Bl op eee ere ane Bl |e zoel Fog 
3 3 Bl | Wh-er 3 | Bl *: 3 Bl Viol | 
4 | 4 > | — |] 4 | Brgr| Wher! 4-5 | YI |/ pipe 3 | ¥lbr | Olive 
s-6 | 5 | Ra] Gr |] 5-6 | vi Heure Or | Gr || | 
6-7 6 Prp | Yl-gr 7 | Viol Gr 7 — | Gr-yl 4 | Pink Yi-gr 
7-8 7 Viol | YI ~8 | Viol | Yl-gr 8 Viol | YI 
9 8 Bl | Or || 9 Bl | Yl-or 
g-10 9 Bl | Or-br 
10 10 P| Cr : | 
| | | 








' Exhaustion, 76-53 cm. 
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Though it has not been possible to catch these colors with sufficient sharpness 
to pronounce them complementary, their strong and persistent contrast will at once 
be admitted. 

10. Polarized light.—All the colors are produced equally well by polarized 
light. They are wiped out entirely between crossed nicols. The flame color is 
sometimes seen under these conditions, probably due to diffuse light which escapes 
through the polarizer or is depolarized at the windows of the apparatus. It is not 
possible to keep these clear during a long series of experiments, and they must be 
assumed to produce a ground-glass effect. Strengthened axial color may moreover 
be a subjective illusion. 

11. Geometric sequences of coronas.—I shall first consider the distribution of 
coronas as related to the loss of nuclei by exhaustion. After the preliminary 
results of tables 1-3, I will proceed to investigate data of a quantitative character, 
serving to distribute the coronas in a scale of decreasing numbers of nuclei. It will 
not be feasible to arrive at the complete factor at once; for the number of nuclei 
must at the outset be supposed to vary both with the loss or drain due to the sue- 
cessive equal exhaustions, and with causes independent of manual interference, such 
as are involved in the motion of the nucleus and its possible decay. The absorp- 
tion of the nucleus by the walls of the vessel, its subsidence by gravity when 
loaded, ete., are here included. The experiments are necessarily complicated and 
according as one places more stress on the incidental or the normal causes, different 
conclusions are to be drawn. It is the purpose first to determine the most potent 
and obvious cause of dissipation. 

Accordingly in table 4 the effect of exhaustion alone is first fully treated. 
The large globe was exhausted and refilled with filtered air about 20 times in suc- 
cession, the pressures falling off suddenly from normal to about 18 em. less. To 
secure efficient filtering of the air which supplied the place of that removed, very 
slow influx through the compressed cotton and the check valve was maintained, It 
is assumed that with each exhaustion a definitely decreasing number of nuclei are 
removed with theair. Thus after 2 isothermal exhaustions from the pressure p, to 
the pressure p, the residue of nuclei should be (p/p,)*; after 2 adiabatic exhaus- 
tions between the same limits (p/p,), “’, where y is the ratio of specific heats, ad- 
mitting (which is by no means the case as is afterwards shown), that the whole 
experiment is made expeditiously enough to neglect the time losses of nuclei due to 
the normal causes mentioned. In order to give greater probability to this assump- 
tion I selected large exhaustions, from p, = 76cm. to p= 58 cm., or a mean pres- 
sure decrement of 18 cm. 

In two successive experiments which showed a reasonable order of agreement, 
the color sequences of the coronas were observed from the center outwards, while 
the corresponding flame or axial colors were simultaneously noted; but here there 
is uncertainty from the small relative thickness (30.5 cm.) of the axial layer of water 


1 Loss due to subsidence of fog is not considered here but will be treated in Chap. III, §§ 5, 
7,11. The time during which fog is in evidence must be made as short as the observations will 
permit. As a rule the corona is lost by evaporation, at once. 
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particles. Table 4 contains the results, the exhaustion being from 76-58 em. 
Where different colors were seen, which may be either errors of judgment or real 
differences of contiguous coronas, this is usually noted by inserting both colors on 
the same line. The colors being very fleeting it is out of the question to await 
rigorous isothermal conditions ; neither is it certain that the colors were caught for 
she adiabatic state of compression, A small allowance of time after exhaustion 
must be granted for judgment. Hence the computations will be made both for 
isothermal and for adiabatic conditions, leaving the true result to be derived below. . 
The general agreement of coronas seemed to vouch for this method of combating, 
par tially at least, an inherent difficulty. The third column of the table shows 


y= (P/Po )*. 


TABLE 4.—COLOR SEQUENCES OF SUCCESSIVE CORONAS, 
EXHAUSTION 76-58 cm. 


Exhaust. : | No. of residual 














No. z. Coronal annuli. inuclei (f/f) = X 10°, Axial color. N X 104 
I Tawny fog, rd rimmed 764 Bl 793 
2 Do diffuse 583 Bl 629 

.., Jd jgr 
3 Gray, ler Lyl 446 Bl 499 
4 Viol, rd yl-gr 340 — 396 
5 Bl-gr, rd 260 Yi 313 
6 Gr, cr 199 Or 249 
7 Gr-yl, | ot gr, rd 152 — 197 
{ br, - 
8 YS or, 8% rd 116 Viol 156 
9 Yi, in gr, viol-rd 89 124 
10 Wh, er, yl- gr, rd, gr 68 98 
i Wh, j ps br-rd, gr, rd 52 78 
12 Apple green, rd, buff, rd 39 62 
13 Yl-gr, br-rd, gr, rd 30 49 
14 Wh, br, gr, rd 23 39 
15 Wh, cr, gr, rd, gr 18 31 
16 Wh, br, buff, j Ss 13 ; 24 
17 Wh, bl-gr, rd, br, gr 10 19 
18 Yi-gr, bl, rd, buff, gr 9 15 
19 Wh, br, gr, rd 6 12 
20 Normal coronas 5 10 





Ignoring decay and similarly spontaneous time losses due to the motion of the 
nucleus, there is here given a scale of optical effects related to the nuclei in a given 
volume of air saturated with aqueous vapor and to the given exhaustions. As 
more nuclei are present the condensed water globules are finer, remembering that 
the medium is always identically super-saturated. For this and other reasons (re- 
heating of the adiabatically cooled air), only the momentarily fixed corona follow 





THE STRUCTURE OF THE NUCLEUS. 3 


ing a given exhaustion has a real meaning, and the cloud particles are as a rule so 
fine that their subsidence during the observation periods may be neglected except 
when the final and normal coronas are approached. ‘The interpretation of these 
coronal sequences is now possible with a degree of probability, by using the scale 


> 


of colors of Newton’s interferences, with which they are liable to agree in succes- 
sion. An excellent scale of this kind is given by Quincke and quoted in Kohl- 
rausch’s Leitfaden der praktischen Physik. The correspondence of the colors of 
coronal annuli, if worked out in this way, will not be very perfect; but there is an 
obvious general agreement of sequences, if the central field only of the corona is 
taken, 

The axial color or color of the full flame stated in table 4 is seen to make up 
a similar sequence ahead in phase and nearly complementary to the central patch 
of the corona. This will be separately investigated below, $ 19 et seq. 

If the normal loss of nuclei in table 4 could be excluded, the succession of 
coronas would represent a geometric progression as to the number of nuclei, each 
term corresponding to a number y = p/p, or else (p/p,)'” times less than the 
preceding. The advantage of this system will presently be shown, together with 
an attempt to remove the time loss, which is also probably geometric. Meanwhile, 
the corona of the 2 order is due to V = 7 particles, relatively speaking. 

12. Loss of nuclei in the lapse of time (without exhaustion).—To ascertain in 
how far such an interpretation as is given in the last paragraph is admissible and 
to correct it for other simultaneous losses, it is necessary to determine the decrease 
of nuclei when the receiver is left for long intervals, as far as possible without 
exhaustion or other manual interference. In the following experiments the time 
between the inevitable exhaustions (usually about 96 sec., above) is prolonged to 
thirty minutes or even an hour, The first column of table 5 denotes the number 
of the exhaustion (with refilling of filtered air), the second the time at which it was 
made, the third the minutes elapsed since nucleation. The fourth column gives the 
color sequences of the coronas obtained, and these as a rule are easily recognized in 
order, by comparison with table 4. The coronal number in the series or order is 
put in the last column. Knowing the number of the corona, the approximate or 
uncorrected residual number of nuclei (p/p,)* may be taken from table 4. The 
remarks show that fogs are often spontaneously produced without change of pres- 
sure (open stop-cock communicating with the atmosphere through the cotton filter). 
The bearing of this on the present results is chiefly in the form of an error induced 
by the subsidence of the loaded nuclei. Its theoretical bearing beyond this is also 
to be kept in mind. Table 5 contains three independent experiments, in which the 
times between exhaustions are varied. 

The next step to be taken is in reference to the losses of nuclei inherent in the 
method by which the data were obtained. For orientation the data of table 5 con- 
taining the residual nuclei, may be constructed in their dependence on the lapse of 
time. The graph, figure 4, is of the exponential character expected, with this differ- 
ence, however, that the number of nuclei in the three cases does not diminish with the 
frequency of the exhaustion. Thus in case (1) the number is even less than in case 
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(2) and not much greater than in case (8), In spite of the fact that the experi- 
ments can not be said to begin with the same initial saturation of nuclei, the effect 


10 20 40 60 80 















140 760 180 


FIG, 4, —CHART ILLUSTRATING THE NATURE OF THE TIME LOssks, | 

Fig, §,—CHART FOR COMPUTING THE TIME COEFFICIENT, 
of exhaustion should be more apparent inasmuch as nearly 1/4 of the nuclei are 
removed, One infers that either the number of nuclei is not changed by exhaustion, 
correspondingly greater numbers being produced at low pressure to make up for 
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the loss, or more probably, that the time losses obey similar exponential laws to 
the exhaustion losses. In the former case if 7 is the nucleation and p the pressure, 
np = const. is apparently suggested ; but this startling proposition is at variance 
with the results as a whole. The following theory is therefore a more rational 
systematization of the data and follows the alternative view, for which other cogent 


TABLE 5.—LOSS OF NUCLEI FROM NORMAL CAUSES IN THE LAPSE OF TIME. 






































EXHAUSTION, 76-58 cm. From Table 4. 
ae = = fun a aD 
Time Y Alan 
Byhauck ~ ic Coronal |} 
ee Time. elabeeds Corona. Remarks. order, (Alpo)* 
Rims. min, iene Sa eae] - a a 
eee eo 4 | 
: Spontaneous fog 

° ° Nucleation ask .2 | 

9 53 : | | before exhaustion | rare 
I 10 20 27 wh, viol, yl 4 -340 
2 54 61 wh, yl, br, gr, rd | 8 .116 
3 Il 27 94 | wh,cr, yl-gr, rd, gr 10 .068 
4 57 124 | wh, br, gr, rd | 14 .023 
5 12 33 160 | wh, gr, cr, yl-gr, gr ee ey -O10 
6 I 3 190 wh, br, gr, rd Small coronas 20? .005 
7 45 292 no color = .000 
° 2 50 o | Nucleation yy Ewice pucledted ° 1.000 

{ Spontan. fog 
I 3 40 50 yl, cr, gr, rd 8 -116 
2 4 1O (|| 80 gr, rd, gr, rd Tle2 .040 
3 4 42 112 cr, br, gr, viol, rd 15 .018 
4 5 10 140 wh, br, gr, rd, gr Small coronas 20? -005 
a ee - =e se 

° 9 30 ° Nucleation | ° I,000 
I It 5 95 |wh,viol,cr,yl-gr,rd,gr 10 .068 
2 12 5 155 wh-cr, br, gr, rd | 15 .o18 
3 12 Bc 85 wh-cr, br, gr, rd 19 .005 








evidence might be adduced. ‘Thus in table 4, the losses which occur in the 1-2 min- 
utes between the exhaustion, in table 5 take place in a much longer time, say 7 
minutes between the exhaustions; corona 4 is reached in table 5 in about 30 min 
utes, but in table 4 it appears in about 4-8 minutes, ete. 

For the sake of completeness figure 4 also contains the succession of orders Z 
observed in the lapse of time in the three series. 

13. Working hypothesis— Let 2 be the order of the corona (exhaustion 
number), V the number of nuclei producing it for the fixed supersaturation. With- 
out correction for time losses, W=y’, where y= p/p, under isothermal and 
y = (p/p,)'/” under adiabatic conditions, p, and p begin the pressures before and 
after exhaustion. 

The data of the preceding section show that V apart from exhaustions suffers 
a time loss varying as (a + Ot) in the time #, where a and @ are constants. Hence 
the above equation must be corrected to read, 


N= Be 
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to admit of both losses of similar geometrical character. Finally the initial nucle- 
ation is not identical in the different experiments, whence if Vy = ¥*, 
N=10%t? (1+) ) log y 


is the final form of the equation. 

If in two experiments beginning with two different nucleations, V, and \’,, 
the same corona or Vis reached for different times, ¢ and ¢, and different numbers 
of exhaustions, 2 and 2’, of the same ratio, 7, then V = J’, and therefore 

107 (1+) log y =e 1020? (1+41') ) log y 


where for brevity z= 0 and V,=1. Thus 


If two identical coronas are reached, the 2’, may be eliminated or 
j= — SS 
~ (#4 —2t),—(f'—2t) 9’ 
where the first identical coronas are seen for NV,, 2,,4,;3 V4,2 4,043 
and the next for IN 5, Gavtas LY oy Caan tes 
The plan is, therefore, to obtain an even number of identical coronas in case of 
tables 4 and 5, and then to compute 4 from equidistant groups of two in the way 
suggested. 
> spe bz 
TABLE 6.—TIME RATES, 6 = ga—>-. 














t n n | 6xX108 mean 6 
o™ 6 Ps 
27 I 4 86 o81 
61 2 8 
94 3 10 71 
124 4 14 87 
160 5 17 
190 6 20 
292 7 = 
oo” 
50 I 8 140 .140 
80 2 EIS | 140 
112 3 15 | 
140 4 19 | 
0” ° ° | 96 .107 
95 I 10 | 119 
155 2 15 
185 3 19 








14. Application.—The results of tables 4 and 5, if treated in this way, give 
rise to table 6. The time interval between the successive coronas in table 4 was 
about ¢ = 1.6 min. The other quantities are fully given in the table. It will be 
seen that for each of the series (1), (2), (8), the value of } is as nearly constant as is 
possible under the method of observation. The lines of figure 5 are constructed to 





tat 
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show this, and to show also that the slopes, 4, are different, being .08,.14, and .10 
. r “ff y . , Re he ue 2 ; i z 
respectively. The mean of these values, if a double weight be given to the first, is 
6 = .1, and as this agrees with the independent experiments made with the drum 
below, § 24, and marked » in figure 5, it will be taken. In fact, a correction of 
table 4 is here chiefly aimed at, and it is thus not necessary to insist on accurate 
values of 6. In succeeding chapters, however, } will be used to estimate the velocity 
of the nucleus, and it must then be called to mind that an order of values is alone 
foreshadowed. 
If now the value of WV in table 4 be corrected in accordance with 
, £(1+62) log y 
N= 10 ee) TOR 


where in case of isothermal exhaustion y =.764, f= 1.6 minutes, =.1, the data of table 
7 result, giving the number of particles V, corresponding to the successive coronas. 


TABLE 7.—VALUES OF Jj = 10 2+) logy 
Y = p/py=-764 
Gi 210 
¢ = 1.6 min. 








Zz Ni X108 Zz | N;X 108 | z Ni X108 Hl z | Ni X108 
= tl | = 

° 1000 6 153 12 23 || 18 | 4 

I 731 fi 112 13 17 | 19 3 

2 535 8 82 14 12. | 20 2 

3 391 9 60 15 9 || | 

4 286 10 44 16 7 | 

5 209 LI 32 | 17 5 | 





For adiabatic conditions, since y = (p/p,)1” if vy = 1.4, y = .825. Hence 
for identical ¢ and 2 the values, V,, of table 8 result. 


TABLE 8.—VALUES OF Wa = 10 *+4#) logy 
y = (p/po)1 = 825 








oo 
= 16: min: 
Zz | N3X108 Zz NaXi108 || Zz | NaX 108 | z N2X 108 
-| le = : 
° | 1000 6 262 | 12 | 69 | 18 18 
I 800 7 210 | 13 55 | 19 4 
2 640 8 168 | 14 | 44 20 11.5 
3 512 9 134 || 15 35 \ 
4 409 10 | 107 | 16 28 \| 
5 327 II 86 | 17 | 2255) 





15. Globe experiments repeated.—In the above experiments, $14, the time 
between exhaustions was only approximately determined and its importance was 
not at that time apprehended. Hence in the following cases, tables 9-12, the time 
record is continuous. A variation is also made in the nucleation. The first two 
tables hold for punk nuclei, the third for sulphur nuclei emanating from the flame, 
the last for phosphorus nuclei supplied by a small pellet and therefore weak. In 
general all the series terminate when the coronas are normal and about double 
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the size of lycopodium coronas under like conditions. The method of finding WV will 
be presently further explained. It has been corrected for precipitation of moisture. 
TABLE 9.—CORONAS IN LARGE GLOBE, DIAMETER 30 cm. PUNK NUCLEI. 


EXHAUSTION, 76-58 cm. 6=.10.¢ = 1.65™ y = 819. LIGHT DISTANCE, 
socm. log V = z(1+4#) log y. 





jon | Time. Corona, N Vi/N 





Exhaust 
No., 2. 
° O®, 103 Double neucleation 1.000 | 1,000 
I I 15 Tawny uniform 793 1.08 
2 Ze 0 Tawny -629 
3 4 45 Tawny, reddish -499 
4 6 30 | Gray, reddish ' 396 
5 8 o Wh, viol, gr-yl 313 1.47 
6 9 45 | Wh, bl-gr, yl, rd 249 
7 II 20 Wh, ap-gr, rd 197 
8 13 0 Wh, yl-gr, prp -156 
9 14 45 Wh, yl, rd, gr 124 
10 16 15 Wh, or, rd, gr .098 Zot 
11 18 o Wh, cr, gr, rd .078 
12 19 45 Wh, viol, gr-yl, rd .062 
13 275 Wh, ap-gr, rd, gr -049 
14 23 «0 Wh, gr-yl (?), rd .039 
15 24 30 Wh, cr, gr, rd .031 3.19 
16 26 15 Wh, cr, gr, rd, gr 024 
17 27 45 Wh, ol-gr, rd, gr O19 
18 29 30 Wh, br, bl, gr, rd -O15 
19 3r 0 Wh, cr, gr, prp +012 
20 32 30 Wh, br, bl, rd, gr .010 4.69 
21 34 15 Wh, br, gr, rd .008 











TABLE 1o.—CORONAS IN LARGE GLOBE. CONSTANTS AS IN TABLE 9. PUNK 
NUCLEI. Log WV = z(1+4#) log ». 











Exhaustion | - ‘75 
aes Time. Corona. N V1/N 
| 
° o™ “Oo? Single nucleation 1.000 1.00 
I © fo Tawny fog 793 1.08 
2 2 45 Tawny 629 
3 A als Wh, cr, gr -499 
4 5 45 Wh, viol-rd, gr-yl -396 
5 7 30 Viol, ol-gr, or-br 313 1.47 
6 9 oO Wh, ap-gr, or-rd +249 
7 Io 30 Wh, yl-gr, prp -197 
8 I2 15 Wh, yl, rd, gr 156 
9 14 0 Wh, yl-or, rd, gr -124 
10 15 30 Wh, cr, gr, rd -098 2.17 
Lr 17 15 Wh, viol-rd, gr-yl, rd, gr .078 
12 18 45 Wh, gr, rd, gr .062 
13 204630 Ap-gr, rd-v, gr-yl 049 
14 22 20 Wh, yl-gr, br, gr, rd 039 
15 23 30 Wh, cr, gr, rd .031 3-19 
16 25 15 Wh, br, rd, gr, rd .024 
17 | az" Oo Wh, gr, rd, gr -019 
18 28 30 Wh, br, gr, rd O15 
19 30 20 Wh, cr, gr, rd .O12 
20 3I 45 Wh, bl, rd, gr -O10 4.69 
21 83. P15 Wh, br, gr, rd .008 
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TABLE 11.—CORONAS IN LARGE GLOBE, SULPHUR NUCLEI (FLAME). ¢= 1.74 
min. OTHER CONSTANTS AS IN TABLE 9. Log V =z (1+00) log y. 




















eu Time. Corona. N Vi/N 
° On O° Double nucleation 1.000 1.000 
T 1 30 Densely tawny 791 1.08 
2 2) 1s Densely tawny 626 
B CO Tawny. Red edged 495 
4 6 45 Tawny. Red edged -392 
5 8 30 Fog. Red edged 310 1.48 
6 lo 6 Fog. Red edged 245 
7 12) sO) Fog. Red edged 194 - 
8 73 45 Fog. Red edged 154 
9 To 3 O Wh, bl-gr, rd .122 

10 17) eo Wh, gr, rd .096 2.18 
II 18 45 Wh, yl-gr, rd .076 
L2 20 30 Wh, yl-br, gr .060 
13 22 1 Wh, or, rd, gr .048 
14 24. «0 Wh, rd, gr, prp .038 
15 25 45 Wh, viol-rd, gr-yl .030 3.19 
16 Zi 30 Wh, ap-gr, rd, gr-yl .024 
17 29 «15 Wh, yl-gr, prp, gr-yl O19 
18 31 o Wh, br, gr, prp .O15 
19 2S Wh, cr, gr, prp .OT2 
20 34 30 Wh, br, bl, br, gr .009 4.76 
21 36 «15 Wh, gr, bl, prp, gr .007 
22 ar is Wh, cr, gr, prp -006 
23 39 45 Wh, br, gr 005 
24 41 30 Wh, gr, bl, rd, gr .004 
25 Ao 1s Wh, br, gr, rd .003 7.04 
26 45 ° Wh, br, bl, gr, rd .002 








TABLE 12.—CORONAS IN LARGE GLOBE. PHOSPHORUS NUCLEI. ¢=1.75 min. 
OTHER CONSTANTS AS IN TABLE 9. Log V=z (1+40t) logy. 











oven Time. Corona. N Vi/N 
f) On On Nucleation 1.000 
I TO Wh, reddish 791 
2 2 45 Wh, reddish .626 
3 4 30 Wh, cr, gr-yé 495 
4 6 10 Wh, viol-rd, gr-yl 392 
5 ©) Wh, gr, or-br 310 
6 9 45 Wh, gr, rd 245 
7 Tt 30 Wh, yl-g7, prp -194 
8 i Ls Wh, gr-y/, prp, gr 154 
9 5) oO Wh, rd, gr, prp abo) 

10 16 45 Wh, cr, gr, prp .096 
II 18 30 Wh, bl, rd .070 
12 20 15 Wh-gr, rd, gr-yl .060 
13 22 ° ies Wh, yl-br, gr, rd .048 
14 230) 4\5 Wh, rd, gr, prp .038 
15 25 45 Wh, rd, bl, gr, rd .030 
16 27s 730 Wh, gr, bl, rd, gr .024 
17 20uemO Wh, br, gr, rd .019 
18 31 ° Wh, cr, gr, prp O15 
19 22 30 Wh, br, bl, rd, gr .OT2 
20 34 «15 Wh, br, bl, gr, rd, gr .009 
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The colors of tables 9 and 10 correspond very nearly, except that the former is 
one exhaustion ahead of the other. This clearly corresponds to the double nuclea- 
tion (nuclei added in each of the first two successive exhaustions) in the first case. 
Table 11 shows the apparently intense nucleating efficiency of the sulphur flame, 
and nearly 8 exhaustions are needed to bring out the first corona, This series is 
thus five exhaustions ahead of table 10 and four exhaustions ahead of table 9. 
Apart from this the coronas, if minor differences of tint be neglected, may readily 
be placed. In table 12, the colors agree with table 9 up to the tenth, after which 
the former skips one corona and is in advance of the latter. 


VALUES OF THE NUCLEATION CORRECTED. 


16. Amount of precipitation—In the preceding tables the limits of the 
nucleation V are defined between isothermal and adiabatic conditions. The actual 
case (apart from experimental difficulties) is neither the one nor the other, because 
of the accession of heat received from the precipitated water. The rigorous equa- 
tion for this is, I believe, known, but the computation may be made sufficiently close 
and perspicuously by the following method of successive approximation. 

Let ¢ and s be the original and final absolute temperatures, corresponding to 
the pressures p and p’ and the densities p and p’. Then approximately 


i ae p Goa A\Y=1 
sl. = te Q) 


Let S be the entropy (per gram) of a mixture of vapor and liquid in the ratio 

of e/A—«#). ‘Then 

S= Clgs + 72/9, ; 

if $ is the temperature of the mixture, 7 the latent heat of evaporation, C the spe- 

cific heat of the liquid, and natural logarithms are used. Since C= 1, and the 

mixture is initially all vapor expanding adiabatically, lgs + 7/3 = lgs' + r'a'/9’, 
which with the approximate equation (1) becomes 


__ 9(r 1\ 3 
w==>(— 5) (2) 
where 1 — a’ is the quantity of water precipitated per gram of mixture, if the heat 
thus evolved is neglected. Since at 20°, s = 293°, 7 = 589, 7’ = 582, y= 1.4, 
p'/p = 58/76, therefore z' = 949 and 1 — a’ =.050, where 7’ is introduced under 
the assumption that the cooling reaches 0°C., in equation (1). 

The next approximation is an allowance for the heat evolved. The saturated 
air at 20° contains 17.2/107 grams of moisture per cub. cm. or .0142 grams of 
moisture per gram of air. The amount of water condensed is thus .050 x .0142 = 
710/106 grams, and the heat evolved 710/10° x 590 = .419 calories per gram of 
saturated air. 

But from equation (1) §’ = 271.2 and since the specific heat of air is .287, about 
237 X¢ 21.8 = 5.17 calories are absorbed in the adiabatic expansion of one gram of 
air. The available .419 calories due to condensation will heat this, .419/.237 = 
1.77°= 8", which is the correction to be added to $’. 

The data for computing # are now $ = 293°, S'= 271.2 + 1.8 = 273°, 7 = 582, 
7'= 589, whence 
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: S' fr Si S 7 
i = ste le =) = .954 

and 1 — «= .046 grams of water obtained from each gram of vapor. Thus 17.2 
<x 10°& x.046 = 790 X 10~® grams of water separate out per cub. cm. of moist air. 

17. Numerical values.— One observes in passing that if 5 x 104 nuclei are 
present per cub. cm., of the saturated emanation, the number inferred in the first 
volume of these researches, then (790 x 10-9)/(5 x 104) = 16 X 10-12 cub. cm. 
is the volume of each water particle or about .00025 em. its diameter at the outset. 
This agrees very well in order with the results obtained directly for coronas below. 

To find JV in the tables, the equation 

N= 10 2 (1 + dt) log y 


is given by experiment, where 7 is the ratio of densities after and before any ex- 

haustion. Hence since initially § = 293°, p = 76 em., and finally $'= 278° and p’ 
== 5Srcm., 

pj ce Roe Sees 

4—"p— p/S 76x 273 

Again the interval of time, ¢, between the exhaustions, is on the average 1.65 

minutes in table 9, 1.61 minutes in table 10, 1.74 minutes in table 11, 1.75 minutes 


in table 12. Consequently, for tables 9 and 10 





Aol) 


Ce 


—z (1.163 .0866 _-. Zz 
VO (1.163) X .o a 1007 
may be assumed, and in tables 11 and 12 
—% A .0866 Ere 7 @ 
gt Ona a ool yap! 


is the corresponding equation. With these constants the values, .V, of the tables 
were computed. 

18. Relative size of cloud particles— Assuming that the same amount of 
vapor is condensed per cub. em. in each expansion between fixed pressures of the 
moist air in the receiver, the relative size of particles may be computed for the 
given orders of coronas. If the size of the particles of any one order is known, all 
would be found absolutely. It is only after about 20 exhaustions that the ordinary 
normal coronas are encountered. The next table (13) contains an example of typi- 
calcases. It shows that there is not a striking variation of diameters to correspond 
with the startling variation of coronas. These are therefore a rather sensitive cri- 
terion of the changes of diameter of the cloud particles. 

TABLE 13.—RELATIVE SIZE OF CLOUD PARTICLES. 











| 
Order of corona, z. | NX 108. | Bulk of particle. Diameter of particle. 
| | 
° 1000 1.0 1.0 
I 793 T.3 1.1 
5 323 | 3-2 1.5 
10 98 10.2 22 
15 3! 32-4 3-2 
20 10 103 4.7 
25 3 329 6.9 
30 I 1075 10.2 
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RESULTS FOR AXIAL COLORS, 


19. Apparatus, conical drums.— It will next be necessary to devise apparatus 
to show greater intensity of axial color (the colors of the steam jet or color tube of 
my first volume), with the necessary relation to the coronas, This was originally 
attempted with tubular apparatus; but, in the interest of homogeneity, wide conical 
apparatus was finally constructed, either a single or a double conical drum sub- 
serving the purpose. Effective convection is then continually in action within, and 
the deusity of distribution of cloud particles is uniform, slow work presupposed. 
With the double drum (apices outward), not only can greater length of column be 
secured, but small end windows of glass suffice. The instrument is thus less 
troublesome than the single drum, the broad glass base of which is liable to break 
explosively, after many exhaustions, from fatigued elasticity. 

The single drum is shown in figure 6, being made of sheet copper, about 77 
cm. long, 5 cm. in diameter at the smaller glass window, a, 30 cm. in diameter at 
the large glass window, 4. W is the Welsbach burner behind a small circular 





Fic. 6.—ConicaL Drum. RECEPTACLE FOR CONDENSATION. FIG. 7.—DOUBLE 
Conicat DruM. RECEPTACLE FOR CONDENSATION, Fic, 8.—DIAGRAM RELATING TO 
DIFFRACTION AND TO AXIAL COLORS, 


screen, @, is the exhaustion and ¢ the influx tubulure holding a cotton filter, f. The 
supply of water, w, keeps the air within saturated. The interior walls must be 
dull black to obviate reflection from the sides of the drum as much as possible ; 
for all coronas are advantageously projected against a dark ground. Ribs 7, 7, 7,7, 
prevent collapse under external pressure when the interior is exhausted. 

When flame or axial colors are to be specially studied, it is best to remove the 
screen from the burner and look at the full extent of the flame. Ground glass as 
large as the window, a, and illuminated by sunlight, is also very good. With the 
eye at /, af marks the path of an axial color, ayf the path of a diffraction color. 

The double drum, figure 7, differs from the single drum merely by offering 
a greater length of column for observation. It is 180 em. long, 30 em. in its 
largest diameter, and is carefully blackened withiu. The small windows, a, 6, 
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insure greater safety of observation. Hach window may be replaced by an 
aluminum window for X-rays, etc. @ is the gauge, d the exhaustion, cf the influx 
tubulure. When nuclei are to be introduced, the filter, 7, is removed. 

20. Preliminary observations. Single drum—The following are a few 
results with the single drum, the window being screened off to a small circle: 


TABLE 14.— AXIAL COLORS SEEN IN THE SINGLE DRUM, 77 cm. LONG, 30 cm. 
DIAMETER AT BASE. EXHAUSTION 76-50cm. PUNK NUCLEI. 











erenstion | Canes ae Corona. Axial color. Remarks, 
I I Yi, rd Stone blue 
2 Wi xd Stone blue 
3 9 Ol-gr Or-br Preceding colors flashed through 
4 12 MIscr Pink 
5 15 Crier, rd Gr 
6 18 Ap-gr, rd val 
7 Wh, cr, gr Wh-gr 
8 Wh, br, gr Wh-gr 
9 Wh, br, dk-bl, rd Wh-gr 

10-12 None Wh Rain 








The following results were obtained with a ground glass screen, affording a 
large patch of flame color. The contrasts of color between the flame and the 
coronal center are again the marked feature : 


TABLE 15.— AXIAL COLORS SEEN IN THE SINGLE DRUM. CONSTANTS AS IN 
TABLE 14. GROUND GLASS SCREEN. 




















paetoe Coronal center. Axial color. Coronal center. Axial color. 
I Colorless | Sky bl Colorless Bl 
2 i. Bl-gr a Bl-gr 
3 Ol-gr Yi-br Viol Yl-gr 
4 Gr Pink Gr-bl Yl-br 
5 Yl Viol Gr Yi-br 
6 Rd Gr? Yi Prp-viol 
7 Cr Vi Or-rd Viol 
8 | Gr Viol Violet ? Vil 








The exhaustion proceeds too rapidly here to bring out all the coronal sequences. 
Intermediate cases are skipped, which is confusing. All color display begins with 
a rush from the first flame and first corona to the last, as the particles increase in 
size to a limit. Thereafter the phenomenon shows a tendency to reverse, but it is 
much slower, soon obscured, and then vanishes. Owing to the difficulty of deciding 
between these fleeting color contrasts, I have in the following table included a 
group of incidental results for different exhaustions made at different times. 
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TABLE 16.— PROMISCUOUS COMPARISONS OF AXIAL AND FIELD COLOR (CO- 
RONAL CENTER) MADE IN THE SINGLE DRUM. 


(1) (2) | (3) | (4) (5) (6) (7) (8) 
_—— $$$ |} 





Axis.| Field. | Axis.! Field, || Axis.| Field. || Axis. Field. || Axis.| Field. |) Axis, | Field.|| Axis.) Field. | Axis.| Field. 
| 


| Exhaust. No.,| 















































1! Bl |Colorless|} Bl Colorless || Bl 'Colorless!} Bl |Colorless|} Bl [Colorless || Bl Colorless || Bl |Colorless | Bl |Colorless 
2|Bl-gr Bl-gr| ‘*  |/Bl-gr is os os Bl-gr - sf sh ° Bl - 
3/Gr-yl|‘* |/Yl-gr| Slate |Yler| Prp? |)“ “  WGryl| Bl-gr i a “ Yl se 
4/Or-br! Gr |Or-br Bl-gr ‘apes es s Br | Bl-gr Bl wg Or | Bl-gr Or | Bl-gr 
5} Prp | YI || Viol) YI ||Or-br| Bl-gr || Bl-gr} =“ Or vs Gr-yl |Purplish|) Prp | Yl-gr || Prp | Yl-gr 
6) Bl | Rd Yl Gr ||— ~ Prp Yl Yl Bluish || Bl Or || Viol} Y 
7 Gr Cr Prp | Yl-gr ||Yl-gr} —— Bl | Or, gr | Straw-yl| Bl-gr || Gr | Rd_ || Bl-gr} Or-rd 
8 | Viol} ‘ |} Vi Gr | Cr, yl || Br as Yii2)) Gr J 
9| | || BI Or |\Or-br| Bl-gr Wh | Cr, gr || Prp Yl-gr 
10) Pate ie Viol-bl | Wh, yl 
Il Or-yl| Gr | Wh-gr Prp 
12 Prp | Yl-gr \Wh-yl-gr) ‘* 
13 | ess Wh Wh 
14 Viol a, 
15 | | Bl “ 

(1) and (2), exhaustion 76-50 cm. (6), sunlight and ground-glass screen. 

(3), (5), (6) < 76-57 cm. (5), (6), punk nuclei. 


(4), a 76-66 cm. 


The coronal center which corresponds to the initial blues and blue greens of 
the table, is not determinable as to color, when seen in the drum; in the globe, it 
appeared to be a diffuse red-rimmed fog, The first pronounced color contrast 
which appears is the orange-red axial color and the blue-green or green-blue field. 
This is usually easily obtained, and is complementary in character. The axial colors 
then move toward violet and the field colors toward yellow. After this, the axial 
colors are already nearly white, or the tinge of color is so faint that it would be 
hard to recognize it, if the color sequences were not known from the steam jet. 
Nevertheless the march of axial colors into bluish, greenish, and yellowish tints, 
corresponds to a march of the field from yellows into reds and purples. The colors 
thus follow each other around the circle, apparently, diametrically opposed in 
position. If the exhaustions are either too large (1/3) or too small (1/6), the 
colors are less easily recorded than for intermediate cases. 

In none of my experiments were the yellows of the first order, which appear 
so splendidly in the steam tube, obtained, blue being the first axial color. The 
endeavor was made to reach these results by placing the phosphorus ionizer 
within the drum. ‘The result was unfavorable; ordinary smoke filaments tracing 
the path of the convection currents appeared. The first exhaustions produced 
irregular fogs only. Colors did not appear clearly until the 9th exhaustion, and 
they had then already run into higher orders. 

As the colors of the annuli are projected on the walls of the drum, as in 
figure 8, their angular value for a fixed position of the eye at e might be read off 
on an annular scale within the drum. Diffraction of the particles within the axial 
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beam, ae, would remove white light. Hence absorption (which may be interfer- 
ence) of some kind must be looked to, to explain these colors and it is not un- 
reasonable to suppose that the central field is illuminated by the color axially 
absorbed. b 

21. Polarized light— On looking through the single drum with an analyzer, 
it appears that neither the axial colors (as a rule) nor the coronas are polarized. 
Both are produced with the same vividness, cact. par., when the source of light is 
polarized as when it is not so. No coronal light passes between crossed nicols. 
With the axial colors a peculiar result was obtained for the particular length of 
column here used (77 cm.). The colors of higher orders, if produced by polarized 
light, seemed to pass with increased saturation through the crossed polarizer, while 
the lower orders of colors were quite damped out. This was particularly the case 
with the violet purple of the second and even of the third order, the latter of which 
I had not seen before. The observation is brought out in the following table, the 
results of which were obtained independently, twice. 


TABLE 17.— AXIAL COLORS, ETC., IN POLARIZED LIGHT. 


























9 Polarized light. Common light. 
Exhaustion : 
N Polarizer and analyzer crossed. — = 
oO. A 
ESIC Axial colors, Field colors. 

I Dk Bl Fog 
5 “ “ “ce 
3 ig : “red rimmed 
4 “to purple | Yl to cr Ol 
5 Deep violet ’ aa | Gr, yl-gr 
6 Violet Wh, violet ? Gr-bl 
7 Bl White Yi 
8 Bl | my Wh, prp 
9 Yl os | Wh, bl-gr 

10 Violet - Yl-gr 

IL Gr | = Wh-cr 

12 Blue? ws —- 

1 Colors 5-12 seen through crossed nicols. 


Having obtained these suggestive results, I anticipated a similar intensification 
of the axial colors, when produced by columns either longer or shorter. Accord- 
ingly, the globe, giving a column 30 cm. in length, and the double drum, with a 
column 180 em. in length, were similarly adjusted between crossed nicols, In 
neither case was any noteworthy result obtained. The dark polarized field re- 
mained dark throughout. This throws some doubt on the preceding investigations. 
The importance of a possible depolarization produced by the particles themselves, 
is, however, too great to justify a hasty dismissal of the subject and I have there- 
fore recorded it. Axial colors reflected from water are usually more saturated, but 
table 17 does not admit of references to merely subjective phenomena. 

22. Preliminary observations with the double drum.— The following table, 18, 
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containing results with the double drum of figure 7, justifies the conclusion that 
more saturated colors and finely graded effects are obtainable with the longer col- 
umns of nuclei (180 em.). Still, the colors of the second order beyond the violet 
(Sth exhaustion), are very faint. The tendency to complementary contrasts between 
axial color and coronal field is again in evidence, but has not been ultimately 
determined. 


TABLE 18.— PRELIMINARY EXPERIMENTS WITH THE DOUBLE DRUM. EX- 
HAUSTION, 76-66 cm. Time, 11" to 1° 30™ 



































. i j | . . . i 
seatianshion|| > Azialt Field." |] Axial. | risa. || Axial, Bield:; »/|| Sehaeaaon 
° Nucleation Nucleation Nucleation 
I | Bl Colorless | Bl Colorless Bl Colorless I 
2 “ ae “ ae ac “ 2 , 
3 “ “ce “ee “ Bl-gr “ Bs 
4 Gr 2 Gr ae Yl Ol 4 
5 Yl-gr a Or ss Br a 5 
6 Or-br Olive = Ol Rd 6 
7 Prp Bl-gr i . Prp Vile 7 
8 Viol | Yl-gr Prp Viol Bl-gr 8 
9 Wh-bl ? Or Bl-gr Prp Bl Wh-cr 9 
10 Wh-gr? Cr Gr BE Gr = 10 
II Wh-yl? a II 
12 | Yl | Bl-gr | 12 
13 Viol Gr 13 
14 | 14 
15 LS Br | 15 

















1 Color of the central field of the corona. 


23. Definite observations for axial color.— A final series of investigations was 
now made to find the distributions of axial color in its dependence on the number 
of nuclei. The double drum, with its vapor column of 180 cm. in length, was used, 
the white mantel of the Welsbach burner just beyond the further window being 
the source of light. The exhaustions were necessarily kept low to avoid a collapse 
of the drum; but the low supersaturation is rather an advantage since a more finely 
graded sequence of color is obtained. The usual limits of exhaustion were from 
76 to 67.5 em. of mercury. The question whether an isothermal or an adiabatic 
change of state is to be assumed must again be answered and it seems best to 
compute both. 

Two series of virtually coincident experiments were made. In the second, the 
nucleation was repeated or doubled at the outset, but without appreciable difference. 
The colors are, as usual, very fleeting; and though they tend to pass through the 
preceding colors, as the cloud particles evaporate, they soon become too faint for 
recognition. The first blues apparently fade through the yellows of the first order, 
which I have not in these exhaustion experiments been able to produce with cer- 
tainty in any case whatever. They are characteristic of the steam-jet. 

In table 18, the two series are given in parallel columns and the second series 
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being more complete will be made the basis of computation. It remains extremely 
difficult to observe the faint axial colors of higher orders, z, for which reason 
differences of color for large z are inevitable. Moreover, as all errors on exhaustion 
are cumulative, the general coincidence of the two series is rather surprising, 

As in § 13, let V be the number of nuclei after the zth exhaustion. Assum- 
ing that both the normal time losses and those removed by exhaustion follow the 
same exponential law, put 


N=10 2 (1 + St) log y 


where 6 is the coefficient of the time loss and y the ratio of the geometric progres- 
sion of exhaustions, computed either isothermally NV, or adiabatically V,. In the 
first case, y = p/p, = .888; in the second, y = (p/p,)”= 919. 


TABLE 19.—AXIAL AND CORONAL COLORS (Central Field) SEEN IN THE DOUBLE 
DRUM. PUNK NUCLEI. EXHAUSTION, 76-67.5 cm. 





















































j— 3-5 Min), 0i—,.10: y= (p/2,) = .888. 
log V = 4 (1+ df) log ». yi/7 = .gt9. 
Exhaust. First series. | Second series. 

Ce ell Gal ae = NX 108 

z Axial color. Field. ‘Time. || Axial color, Field. Time. 

° Nucleation | Nucleation 1000 

——— _———— — ees 

I ---—- | Viol-bl Gray fog 41 889 

2 Bl anal 27m || Bil Tawny 44.5 790 

5 Bl ame 21 | Bl Tawny 48 702 

4 Bl-gr — 35 | Bl-gray Colorless Sd 624 

5 Bl-gr tan 38 Yl-gr ? 55 555 

6 Gr-yl ——- 4 leery! - 58.5 493 

7 Yl —— 45 Yl Olive-gr 62 438 

8 Yl-or 48 | Or ' 65.5 389 

9 Or Olive-gr 52 | Or 5 69 346 
ro Or-rd 56 Or-rd % BES 308 
IT Rr Gr-yl 59 1 Prp Gr-yl 79 273 
12 Viol-rd 63 | Prp Gr-yl 79.5 243 
13 Viol Or-yl 66 | Violet Yl 83 216 
14 Viol-bl Rd 70 Viol-bl Or-rd 86.5 192 
15 Blgr Prp 73 Viol-bl Rd go 171 
16 Bl-gr Prp 77 Gr Prp 93-5 152 
17 Gr-yl Prp 80 1 aval Prp 97 135 
18 Wilke Apple-gr 84 Wh-viol 100.5 120 
19 Prp-viol Yi-gr 87 | Viol? Apple-gr 104 106 
20 Or-rd gi Viol Yi-gr 107.5 95 
21 a Gr 94 | | Or-rd III 84 
22 ——————— ih Witoilljaueo) I14.5 | 75 











24. Loss of nuclei in the lapse of time.— 'To complete the computation, it is, as 
above, necessary to make special experiments on the time losses. These are given 
in tables 20 and 21, for exhaustions between 76 and 68 cm. 

Thus, after long standing, the effect of identical successive exhaustions is more 
rapid than in the preceding table. Moreover, after two hours certain qualita- 
tive variations, apart from mere loss of number, seem to occur. ‘There is again a 
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suggestion of the spontaneous and proportionate increase of nuclei at low pressure 
which has already been adduced above. As a whole, the table shows that after 
144 minutes about the 12th order of corona has appeared, admitting some uncer- 
tainty due to the anomaly specified. 


TABLE 20. LOSS OF NUCLEI DUE TO NORMAL CAUSES IN THE LAPSE OF 
TIME, _EXH AUSTION, 76-68 cm. 





Time apes since e ‘Axialicolors. Riel Order from Probable, x 
nucleation. table 19, = 
SS ee 
2" 24™ 144" Prp | Gr-yl 12 12 
147 Viol-bl Or-prp 14 





The following experiments were made in like manner for shorter lapses of 
time: 
TABLE 21.— LOSS OF NUCLEI DURING SHORTER LAPSES. 














Time elapsed since a Order from : 
sucleaHon ‘a | Axial colors. table 19, = Probable, z 
| “Go; | Or 
63 Or 
67 | Rd 
30 Gr 4 
34 Yi-gr 
eae V1 
| 2407 | Or-yl 
Thus the data 
Z= 30, z= 4, 
t= 56, S— 6; 
z= 144; Ki == 12s 


if compared with the earlier data, figure 5, lie nearly on the intermediate line 
(marked 7) and linear variation may therefore be admitted here as above. The 
value of the constant 46 computed from tables 20 and 21, where ¢= 3.5 min.,, is 
} = .092, and this is in sufficient agreement with the earlier data (2 =.1) to admit 
of the same value in the corrections. The corrected number of nuclei is finally 
computed under both isothermal and adiabatic conditions in tables 22 and 23, 





TABLE 22.—VALUES OF M= 107@+#logy yY = p/p, =.888 
o= j10 
= 3.5 min. 
ee | Ni X 108 Poe: | MX 108 Be NX 108 pas Ni X 103 
| 
| 

° | 1000 6 383 12 147 18 56 
l 851 7 326 13 125 19 48 
2 726 8 278 14 106 20 41 
3 618 9 237 15 91 21 35 
4 527 10 202 16 17 22 30 
5 | II 


172 17 
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TABLE 23.— VALUES OF J, = 10? &+4#) logy y = (p/p) */" = .92 
b= .10 
$= 3:5 
Exhaustion a Exhaustion Ps Exeeenod ie. z ilimenen Lior a 
INGE | Na X 108 | ane Na X 10% Noss | Ve. x: 108 No:, 4 AV, X 108 
| : pres ni ee eee ee eS | ae ee 
° 1000 6 503 12 253 18 127 
I 892 | Gi 449 | 13 226 | 19 114 
2 795 8 400 | 14 | 201 1 20 101 
3 709 } 9 357 |} 15 180 | 21 go 
4 633 IO 318 | 16 160 22 | 81 
5 564 | 11 | 283 | 17 143 | | 
= —s c eee 








25. Correction for precipitated moisture.— The method of paragraph 17, for 
computing the actual number of nuclei between isothermal and adiabatic numbers, 
when extended to the double drum, gives p = 76, p’= 68, § = 298°, and therefore 
S'= 283.3° as a first approximation. Inserting these data with 7 = 582 and 
7’ = 586 in the equation for entropy, the approximate value, 1 — # = .0243 grams 
of water precipitated per gram of mixture, results. This is equivalent to .204 
calories evolved per gram of air by the precipitation of the available 
17 X 10-°/12 x 10-4 =.0148 grams of water. The rise of air temperature is 
thus .86°. 

Hence the new data are § = 293°, 9'= 283.3°+-.9°, and these with the above 
values of 7 and 7” give 1 — # =.021 grams of water. Thus, 17.2 x 10-6 x 21 X 
1052301 < 10>* grams are precipitated per cub, cm. of moist air. If, as before, 
5 X 104 nuclei are present at the outset, the volume of each precipitated cloud 
particle is 7.2 x 10-12 cub. em., and its linear dimensions therefore about 
1.9 x 10° 4 cm. 

To compute ¥ in the equation for table 19, where 


z(1 + 2) logy 





dVi= 10 ' 
the equation 
p' p/s' 
== SS 
I~ 9 — 2/8 
may be assumed; whence log y = —.0379; and since 1 + b¢ = 1.35 


N=10 °°”. 


In this way the values marked J in table 19 were computed. 


DISCUSSION. 


26. Data for coronal and awial color compared.— Ik the data for the drum, 
table 28, and those for the globe, tables 4, 9-12, be compared for the same axial or 
flame color, the latter will be seen to be about three orders in advance of the others. 
This is equivalent to a greater initial nucleation in case of the globe where the 
exhaustion was greater, so that in like apparatus more exhaustion would subse- 
quently also be needed for the globe, if the same color is to be reached in both 
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cases, The exhaustions for the globe and the corresponding supply of nuclei are 
greater in the ratio of 1 —y=.18 to 1— y=.08, and there is probably greater 
homogeneity in case of the globe. This implies that the initial nucleation is 
usually undersaturated, if indeed saturation is the term to be used when the source 
of nuclei is not active within the medium, as it would in any case depend on the 
intensity of this source. ‘To begin with saturation, therefore, one should devise 
other means of nucleation than the phosphorus methods used above, which have 
been shown to be inefficient within a damp medium. 

In general, the nuclear ratio corresponding to two different colors in the drum 
and the globe is about the same for the two cases, so far as it can be made out. 

The results of tables 19, 22 and 28 may be constructed in a chart, the order of 
the coronas being horizontal and the nucleation vertical. Instead of this, log WV is 
often a preferable ordinate, as the curves are then linear and need only be shifted 
laterally for different initial nucleations, since, 


log WN =z (1 + dt) log y+ 2). 


The fundamental difference between axial and coronal color as to origin, ete., 
has already been insisted on above. 

27. Time losses interpreted. — Some conclusion must be derived as to the nature 
of the time loss, which, in the above equation, has been very fully reproduced (apart 
from the inevitable errors) by VV = V7", where NV is the number of particles per 
cub. em., surviving in the receiver after the lapse of time, ¢: y= .825,b=.1 by 
experiment. Thus, on reduction, if g = .0083, VW = NV, 107". (1) 

As in my preceding papers, I will suppose that the absorption velocity of the 
nucleus is & em./see., independent of the density of distribution. Moreover, that 
in a spherical receiver, nucleated at the time t= 0, WV nuclei are found per cub. em. 
at a distance 7 from the center. The distribution is in any case concentric, but 
otherwise disposable at pleasure. Since the absorption of nuclei is supposed to 
take place at the inner surface of the receiver only, there is a continued flux out- 
ward, The solution of the problem requires some understanding as to the manner 
in which this flux takes place. 

(1) If there is a mere motion outward for all particles, the partial differential 
equation is found to be d(72.N)/dt + k div? N )/dr = 0, of which the integral de- 
termined by Lagrange’s method is NV = Nyef"-™-'"", where 7 is an arbitrary 
function. ‘This is found for an initial distribution independent of 7. The result is 
clearly not in keeping with the actual case of experiment, as is to be inferred if the 
nucleus moves in all directions. 

(2) The next case would be that of diffusion. The partial differential equa- 
tion is d(r.V )/dt = k d?(r.N )/dr?, where 7N is zero at the surface and the center, 
and the initial condition is7M=7N,. This equation is integrable in the well- 
known way, but the result again fails to meet the actual condition of the experiment 
as set forth in the next paragraph. 

(3) Remembering that the investigations above were purposely conducted in 
wide receivers, with the object among others of keeping the contents in a homo- 
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geneous state of nucleation through the agency of convection currents, it may be 
safely assumed that JV is not a function of 7 but of time only. If this were not so 
the coronas would show color distortion (as they do in marked degree in benzine 
vapor) as well as the time changes observed. In case of water vapor, the ever- 
present convection will not allow either the distribution (1) or (2) to persist. 
Hence, whatever removal of nuclei takes place at the inner wall of the large 
receivers is a deduction or drain of nuclei from the whole volume of vapor, uni- 
formly. This experimental condition simplifies the computation and offers an easy 
interpretation of the results obtained. In case of absorption with the adequate 
convection, therefore (if / be the radius of the receiver),— (4443/3) dN/dt = 
Ak 47k? N, where & is the absorption velocity of the nucleus and A a co-eflicient, 
stating what part of # as found in my last volume for nuclei moving in air (4 = 18 
em./min., about), is effective in view of the fact that the nuclei are now suspended 
in water vapor. Hence, 


Ae Waly, e log a1 (2) 


an equation identical in form with that actually found in the experiments. 

From equations (1) and (2), 8 = 8Ak (log e)/F ; and if & = 18 cm./min., & = 
15 cm., then A = .0053. Thus the absorption velocity found from these experi- 
ments is but 5/1000 of the value found when the saturated emanation is forcibly 
passed through fine bore tubes less than .5 cm. in diameter, or that found from 
electrical experiments for nuclei in air. This observed velocity of the nucleus in 
water vapor would therefore be but .095 em./min., a result which will be further 
discussed below (Chap. VI, § 19). 

28. Estimated size of cloud particles. —The rate of subsidence of the fog is 
not a good criterion’ of diameter, because this datum is complicated by the evapora- 
tion of water particles (apparent subsidence at the top), and by their inevitable 
growth, remembering that the coronas are all fleeting phenomena, Some notion of 
their size, and this an upper limit, may be obtained: If the fog subsides at the rate 
of 1 em./sec., the radius of the particle will be 7 = .0009 cm. For any other velocity 
expressed in terms of this normal rate, 7 = 9 X 10-4 x /v. Now the rates are 
never a small fraction of cm./sec., so that the radii are not liable to be much below 
say 10-4 em., adatum which at first sight is surprisingly large, but is corroborated by 
the following independent estimates. Cf. Chap. Il, § 11. 

It has been shown above that in the case of spheres the moisture precipitated 
per cub. em. of air partially exhausted, as stated, is 79 X 10-S8grams, and that with 
5 X 104 nuclei per cub. cm. in the saturated emanation, this is equivalent to an 
initial diameter of the water particles of about 2.5/104 cm. This datum isan order 
of values like the preceding, whereby two results are to this degree confirmed, viz: 
the order of size of particles producing axial color and the number of particles 
estimated for the saturated emanation. 

The same method applied to the results obtained from the double drum showed 





’ Air, cleared of fog by the warmer walls of the receiver after exhaustion, also rises to the top. 
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2/104 cm. as the diameter of the particles in the first exhaustions. The smaller size 
here corresponds to less exhaustion. 

A final estimate is obtainable from the size of the normal coronas after, say, 
twenty or thirty exhaustions. Estimating this as about twice as large in diameter 
as the ordinary lyeopodium corona, if the particles of the latter measure .0032 em., 
one may rate the residual water globule at .001 cm. Indeed, Fraunhofer and 
Kaemtz’s measurements showed particles in lunar coronas as large as .0017 to 
0033 cm., depending on the season. Thus, if the final size is .001 em., the initial 
size must have been .0003 to .0002 em., corresponding to twenty or thirty exhaus- 
tions. Similar results are deducible from the drum and they are thus again in 
agreement with the preceding estimates. Finally, the normal coronas may be 
measured absolutely and the dimensions computed from the deviation on diffraction. 
This is the practical plan, which I will waive for further discussion in the next chapter. 

If the independent estimates just stated be summarized, the data are clearly of 
an order ten times greater than would follow if the axial colors of the drum or the 
steam jet were produced by interference of thin plates, granting that the old vesic- 
ular theory of atmospheric condensation is disproved. I admit that data as large 
as those found for the water particles are contrary to my expectations. 

29. Estimated size of nuclei. — This has been variously estimated by the aid of 
Kelvin’s vapor pressure equation, successively modified by the younger Helmholtz,’ 
and by C. T. R. Wilson.” Naturally, the nuclei are supposed to be of the same size 
and the supersaturation carried far enough to condense water on each. Helmholtz 
found 15/10% to 26/106 cm. as the size of his nuclei. Wilson finds 8.7/108 for the 
case of rain-like condensation, and 6.4/108 and 5.9/108 em, for cloudy condensation, 
foggy and colored. The above data for the globe, similarly interpreted, give 8/108 
and 18/108 as the smallest radii of the nuclei on which condensation would just 
take place if the supersaturations used were essential to condensation, which they 
are not. The actual dimensions must lie somewhere between Wilson’s estimate, 
which holds for water vapor free from artificial nuclei, and that of Helmholtz for 
nucleated vapor. Cf. Chapter V, § 2. 

The small size of the nucleus obtained in this way is startling, but as the 
method involves a huge extrapolation from the radius of capillary action (say 
5 x 10-6 em.) almost as far as the molecular diameter, it cannot be received with 
much confidence, and the size of the nucleus must be left in abeyance. 

On the other hand, the size of the water particle is sufficiently large to admit 
of the application of Kelvin’s equation. Moreover, there is here a mere accretion 
of water upon water. If the change of pressure to pass from a given to a succeed- 
ing corona, or to any recognizable change of corona, be determined by two sue- 
cessive exhaustions, the particles of the first corona are the nuclei of the second, 
and consequently the radius of the former should be determinable absolutely. 
With this datum for the particles of one corona, tables 9-12 and 19 would furnish 
the diameters of all. 


*R. v. Helmholtz, Wired. Ann., vol. xxvii, p. 526, 1886. 
°C. T. R. Wilson, PAi/. Trans., London, vol. clxxxix, p. 306-307, 1897. 
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Unfortunately, this theoretically very promising method breaks down on 
experiment. For, let a small exhaustion be made adiabatically at the mean pres- 
sure p, and the mean absolute temperature, 6. Then in the modified form of 
Kelvin’s equation for water (density = 1), let the logarithm be expanded. If 7 is 
the surface tension of water, p’ its vapor pressure, the radius of water nucleus will 
be, approximately, 

ee 2 eee 
RO(5p'/p'— 6p/p) 











(1) 


where 7 is the gas constant of water vapor and 6 denotes increments. If the con- 
densation takes place near the freezing point, as in the above experiments, we may 
write ép'/p' = .07660. Again, for the occurrence of adiabatic expansion 66/6 = 
((y—1)/y)6p/p. After substituting both results in equation (1) 

6p) ae 

RO(.02170 — 1) 

where 6p is an adiabatic increment of pressure, applied to the moist air at @ and p. 
Using this equation for water particle of the order of dimensions estimated above at 
@ = 273° and p = 76 cm., an exhaustion of but 1/10 millimeter is in question. Now 
I satisfied myself in special experiments that exhaustion as small as 1 cm, would be 
perceptible in color changes of the coronas, particularly in the case of certain higher 
orders; but the small change corresponding to .01 cm. is out of the question. I do 
not see, therefore, that methods other than those based on measurements of coronas 
will be applicable for the determination of the absolute dimensions. 

Pursuing this subject, I found that the coronas of benzol following the initial 
fogs are all normal, relatively large particles being precipitated at once. Hence, if 
m be the mass of benzol condensing, computed for given exhaustions as in § 16, and 
if d be the diameter of the benzol particles found by measuring the coronas, then 
n = 6m/xd3. The number of nuclei active in different methods of nucleation may 
thus be found by a few exhanstions, compared with the more prolonged observation 
necessary for water vapor. Unexpected difficulties were encountered in the use of 
benzol, however, whereas the method led to a satisfactory issue for water vapor, as 
will be detailed in the next chapter. 


CHAPTER III. 


DIMENSIONS AND NUMBERS OF THE CLOUD PARTICLES PRODUCING CORONAS AND 
AXIAL COLORS. 


INTRODUCTORY EXPERIMENTS WITH BENZOL. 


1. Purposes—The remarks made above, that the coronas in benzol vapor 
are all normal, and that fewer exhaustions would therefore be needed to make 
definite measurements of the size and distribution of cloud particles, induced me 
to attempt the following introductory experiments. These, however, were destined 
to fail of a decisive issue, because such thermodynamic constants as I was able to 
find in the standard tables are insufficiently correlated to admit of the severe test 
which the computations, here in question, imply. In the second place, even if the 
constants were forthcoming, the impossibility of maintaining regular coronas in 
benzol, without shaking or some equivalent method of keeping the vapor uniformly 
nucleated, is an almost insuperable difficulty ; while shaking, as seen in Chapter IV 
et seq., introduces a new supply of nuclei and removes others, for which no adequate 
allowance can be made. The data for benzol have certain peculiar features of 
interest, and I shall therefore record them because of their bearing on the method 
subsequently carried through for water vapor. 

The method has been suggested: the thermodynamic conditions of expansion 
suffice for computing m, the liquid precipitated per cub. cm. The apertures of the 
coronas afford a means of measuring d, the diameter of the particles. Hence their 
number per cub. em, is n = 6m/zd3. 

2. Apparatus. Goniometer—The fleeting character of the coronas, their 
small aperture, their faint and vague definition, made all attempts at using telescopic 
instruments, or even the sextant, futile. I therefore constructed the following 
simple goniometer which, in one form or another, proved very efficient. Ona 
smooth board, AB, a fixed arm, nc, carries at 7 a vertical needle about 3 em. long. 
Similarly, a movable arm, swivelled at ¢, carries a like vertical needle m’, so adjusted 
that the points of the needles may be moved into contiguity by rotation. Finally, 
a screen, 8, with a smal] peep-hole at @ in the axis of rotation and also about 3 em. 
above the table, completes the instrument. On use, the needles 7, 7’, are adjusted 
so as to be tangent to a selected annulus of the corona when viewed by an eye 
looking through a. These measurements are made very quickly, and under the 
conditions given below the needles are rarely more than 2 em. apart, usually less. 
Let & be the length of the arms of the goniometer, a the angle between them. 
Hence the distance nm’ is pricked into a small piece of paper, which on measure- 
ment gives at once nn’ = s = 2/7 sin a. (1) 
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In measuring the angular aperture a of the central white patch of the coronas, 
the circular source of light was placed at the same distance (250 em.) on one side 
of the receiver as the eye on the other side. In this case the angles of incidence 
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and of aperture are equal, being 4 the angle of diffraction, and the equation becomes, 
ee 9 
d= 2 sin @? (2) 
where A is the wave length of the dark ring in question, x =1 usually, a the 
common angle of incidence and of aperture, and d the diameter of the diffracting 
particle. If = 1, equation (2) becomes in view of (1), 
AR 
¢=—~ (3) 
In the instruments used in this chapter 2 = 19.5 cm., and 20.1 em., though larger 
values are preferable. 
Instead of using equation (3), it is for many purposes advantageous to compare 
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the coronas of water particles with the coronas produced under like cireumstances 
by lycopodium particles (diameter = D)), for which d= D, =22/s,. Hence 

d = Dys)/s = .00144/s, if Dy = .0032 cm. 
This makes it needless to select any particular wave length provided the same 


annulus is used throughout. 





Fic. 3.—CHART SHOWING THE DIAMETERS (CM) OF CLOUD PARTICLES OF BENZOL 


IN THE SUCCESSIVE EXHAUSTIONS. 
Fic, 4.—CHART SHOWING THE DECREASE IN APERTURE (S) OF THE CORONAS OF 


BENZOL VAPOR, DURING THE SUCCESSIVE EXHAUSTIONS; ALSO THE FINAL APERTURES 
OF WATER AND PETROLEUM VAPOR IN THE SAME SCALE, 


In the present chapter the goniometer, fig. 1a, opened horizontally, being 
carried in a light tripod, G, which could be moved at pleasure on a smooth table. 
In the following chapters the goniometer, fig. 14, was used vertically, the jaws 
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being longer (80 cm.) and adjusted by an appropriate tangent screw, ¢. In such a 
case, the instrument as a whole must be swivelled around a horizontal axis, C, so 
that both tangencies may be quickly caught. s is the screen, , 7’, the needles, 
¢ the axis. In practice, the jaws cn, cn’, are turned around C until they are nearly 
horizontal, and the screen s vertical. 

The remainder of the apparatus—receiver, in which the coronas are produced, 
exhausting train, etc., Figure 2—did not differ materially from the forms given 
above and need not, therefore, be specially described. / is the exhaust-pipe with 
its cock, c; /, the cotton filter with two stop-cocks, a and 6 (the latter being a 
check-valve insuring slow influx); G, the vacuum gauge. @ is the water level, 
pp a fog line showing companulate coronas at ZV. 

3. Jeesults—The first question to be answered relates to the sizes of the cloud 
particles suspended in benzol. These are found from measurements of the aper- 
tures of the respective coronas. The results are given in table 1, on the general 
plan already detailed in the preceding chapter. The first three columns have an 
obvious meaning. It is necessary, as stated, to shake the receiver to obtain annular 
coronas without color distortion, and the apertures will not therefore sink below a 
small value corresponding to the special nucleation so introduced. 

The fourth column of table 1 gives the chord, s, on the goniometer, subtending 
the aperture of the coronas, whence the fifth column containing the diameters of 
the water particles, d, in em., is computed for the coronas examined, as explained 
in the preceding paragraph. These results are plotted in the curve, figure 3, cor- 
responding to the two parts of the table. The curves do not coincide, since the 
initial nucleation is necessarily different, but they are of the same nature. Curve 
II, which is the more complete, shows a sudden breakdown beyond a, after 10 or 
12 exhaustions, and it is here that the raining subsidence of cloud particles is 
marked, and the nucleation thereafter, shaking presupposed, is appreciably constant. 
The table shows that it would be possible to make an approximate allowance for 
these extra particles. 

Why this rainy subsidence and purification begins in the sudden fashion 
evidenced is an interesting question for further investigation. Something similar 
will be noticed in the ease of water below. CF. § 5, 7, 11. 


TABLE 1.—CORONAS IN BENZOL VAPOR, KEPT REGULAR BY SHAKING. 
SULPHUR NUCLEI. EXHAUSTION, 76-58 cm. ad) =.000,044 cm. ; 
computed d= dj10** ; B=.176. 














sah ee = : 
Exhaustion Time Gornnaete: Aperture, Observed, Computed, Computed, 
No, 2 3 : | s d X 10% ad X10 dX 108 
min. cm. cm. cm. 
° Oo Nucleation — — 044 

7 14 Corona forming 1.38 1.04 74 

8 16 Corona clear 1.27 1.13 1.1 

9 18 i. .88 1.64 1.67 

10 20 ss 58 2.48 2.50 

II 22 be 38? 3.80 275 

12" | 24 . | _— — 5.61 








’ Coronas before z= 7 lost in fog ; after z = 12 too small for measurement. 
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TABLE 1.—SECOND SERIES. 











Aperture, | Observed, Computed, Computed, 








Exhaustion Tr: > 
a : | Time. | Corona, etc. | - aid 2 xa08 dX 108 
| min. cm. cm. cm. 
° Nucleation | _ 204 
I 2 Fog _ yf 
2 4 - _— .36 
3 6 . 7 -47 
4 8 Fog clearing — .62 
5 10 ae 1.8 8 82 TA 
6 12 Corona forming 1.4 1.0 1.07 "1.01 
7 14 Clear corona 1.15 1.25 1.4 1.38 
8 16 | 79 1.82 1.85 1.89 
9 |} 18 | 56 2.57 | 2.44 2.58 
10 20 .39 3-70 3.21 3-53 
( ax 22 | 34 4.20 4.22 4.82 
| 12 24 .30 4.80 5°55 0 | 
4 13 26 34 4.20 7.29 9.02 
14 28 34 4.20 9-59 12.55 | 
15 | 3° 35 4.10 | 12.62 16.94 ) 





) Persistent small coronas due to shaking. How fast they would otherwise vanish is shown by the computed d. 
2d) = 207 X 10-*: 6 =..119. 
3d, = 154 X 10-°598 — 136: 


4. Results interpreted. — As the coronas do not begin to be clear until after 
the 6th or 7th exhaustion, the size of the initial particles must be computed. Using 
the equation for the number of particles after z exhaustions, V, deduced in the 
preceding chapter, V= 107° +s, y = .825 if the computation is made adiabati- 
cally, while the corrected value for water was y= .819. Neither of these values 
is applicable without investigation; and 2, the coefficient of the time losses, cannot 
be the same here as above, in view of the shaking needed to keep the coronas 
annular. It may be worth while, however, to compare the values, W = 10 -**7* 
(corrected for precipitation), applicable in the case of water, with the results of the 
table, using the exhaustions from z=5 to z= 10 of the second part for the 
purpose. 

Since d=d, 41/N= d, £10 19974 = dy 10 °°* for water, put d= d, 10, 
whence g = 3 (log @)/sz. Utilizing the first four observations of the first part of 
the table, the mean values found are 


B= .176 and d, = .0000435 em. 


The figure shows good agreement between the observed and the computed results, 
but the large value of g as compared with water (8 = .0083), and the small value 
of d, are noteworthy. 

In the second part of the table, 6 observations are available (2 = 5 toz= 10), 
after which the distortion at a, already indicated, begins. A variety of pairs of 
values of g and d, were tested: @=.119 and d,= 207/108 show too little curv- 
ature, the direct means, 6 =.136 and d,=.000154, are still deficient but may be 
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taken. The curve and table then show the marked spontaneous evolution of 
particles by the breakdown of the locus after about 10 exhaustions. 

Again, since — 3 g = (1 + $/) log y, where y will not differ materially from 
the value for water under the same exhaustions, put — log v = .087. Hence, since 
¢=2 min., d= 2.6 in the first part of table 1, and d= 2.0 in the second part. 
These values are enormously large as compared with those found for water (b = .1) ; 
and since the diffusion velocity of nuclei in benzol is actually smaller than in water 
vapor, these large coefficients are either an indication of the efficiency of removal 
by shaking (for which there is no collateral evidence), or more probably of removal 
by subsidence. 

In fact, the equation temporarily accepted is incomplete since it does not in- 
clude the production of nuclei by shaking, 7.¢., the horizontal streamer, a, in figure 
3. Put therefore V= NV, (107°+” 74 ¢), where V,¢ is the constant number 
of nuclei contributed by each shaking and again removed by the subsequent 
exhaustion, after z= oor is very large. Since Vd? = d', if NM, = 1, the result- 
ing equation is 

d3 = d3 (10204 84 4 ¢) (1) 
where /, is the initial and @ the final diameter of the cloud particle of the order, z. 
When z= o, d3 = D3 = d3/c, and is therefore given in figure 3, curve II, by the 
results following a, as ) = .0042. With this substitution, equation (1) becomes, 


on differentiation and reduction, ‘ 
6 (log d) _ logy a 
a * Ose 4) — P82 (1 — d3/D) (1 + 0), (2) 


where 3 is the only unknown quantity. When )) =o, the above value of is re- 
produced. The first member of (2) may somewhat crudely be taken as the change 
of log d, for a unit or single change of the order, z. The correction, 1 — d3/(.0042)8, 
is constructed graphically and the mean value for the interval between two suc- 
cessive observations is found from the curve, which naturally shows rapidly varying 
rates. The corrected value for water, log vy = .00866, must be accepted in the 
absence of a better factor. The results of the computation for 6 then appear as 


follows: 


TABLE 1 (1), TABLE I (2), 
Zi= 7-8 as) CM. MILs, Sith) 6=1.4cm./min, 
8-9 2.4 6-7 1.0 
g-10 3.0 7-0 2.5 
10-11 5.0 8-9 2.5 
g-10 4.1 


so that removal is faster as the particles are larger. This is a natural consequence 
of the swbsidence of cloud particles, whereas the removal of nuclei by diffusion 
would show the contrary effect. To bring out the latter, therefore, very long time- 
intervals between the observations are, as a rule, the indispensable requisite, par- 
ticularly when the cloud particles are so large as here in the ease of benzol and in 
the final observations with water vapor. The same result reappears from a new 


point of view in § 7. 


or 
w 
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5. Number of particles— It is next in order to indicate the difficulty en- 
countered in endeavoring to find the number of nuclei initially present from the 
data found for the initial diameters d, = 44/10° and d, = 154/108. The data 
available for benzol in Landolt and Boernstein’s tables (pp. 336 and 348), are not 
sufficiently harmonious to lead to a solution. If, as above, 1 — #’ is the mass of 
precipitate from 1 gram of saturated vapor, after adiabatic cooling from the absolute 
temperature > to >’, 

gig ie 
yp VS ga T 9, 

It is therefore necessary to know both the variation of specific heat C, and of latent 
heat, 7, with temperature, and the whole question depends on the character of this 
variation. Since 7 from Regnault’s data is very nearly constant within the 20° in 
question (7 = 109 to 107), it will facilitate computation to regard it so and to 
compute dxv/ds from «= (3/r) (S — Clg 8) for the adiabatic process in question, 
S being the entropy of the mixture. Hence, with $ and Cas variables, 

ax S—C(igS+1 ea, 

so 
From the observations of de Heen and Deruyts, between 10° and 60°, dC/ds may 
be estimated as .028, nearly at 0° centigrade. Furthermore, for $ = 293°, 7 = 1, 
r= 109, C=.381; = 271, C'=.37, S= 2.46 (computed). Hence at s’= 271°, 
dx/ds = —.0341 and at § = 293°, dr/ds = —.0487, or the amount of vapor within 
the mixture should increase markedly with fall of temperature in both cases, which 
is directly contrary to the experiments. If Cis considered constant, dx/ds will be 
positive for the given interval, and precipitation must therefore occur on cooling, as 
observed ; but it is obvious that results so obtained are quite arbitrary. 

In the absence of compatible data, an estimate might be made by assuming 
the masses precipitated to be inversely as the latent heats of the vapors. The 
results are equally meaningless. 


TABLE 2—CORONAS IN BENZOL VAPOR. PERFECTED FILTER. 
EXHAUSTIONS, 76-58 cm. 



































Punk nuclei. Punk nuclei, | Punk nuclei. | Sulphur nuclei. 
za | ee 
z. Time.) Corona, etc. | s. Time. Corona,etc. || s. Time.| Corona, etc. || 2. Time.| Corona, ete. 
| || 
o o™ |Nucleation o 13" | Nucl. shaken) o 20™ | Nucl.sh lo 3" \Nucleation 
1 1.5 Fog band ' 1 14.5| Wh, rd |} 1 21.5] Gray, r 1 4.5 |Fog on bottom 
2 4 |Shaken > 16 |sGray,rd,gr,| 2 23 ar || 2 6 |Shaken 
3. 4.5 |Gray, rd Lyl, diffuse || 3 24.5] s=1.45 || 3. 7.5|) Fog gradu- 
4. (ON ks oleae 3 17-5| Distorted 4 26°") ote2g 4 9 || ally, finally 
5 75) ~s=1.37|) 4 19 | s=1.50 sh? 5 27-5] .94 | 5 10.5} quite, 
6 g |Corona,s=1.30]| 5 20.5 | 1.28 6 29 85 6) =a22 banded 
7 10.5 |Diffuse,ss=1.40|] 6 22 | 1.00 || 7 32.5] .85 diffuse || 7 13.5|) again 
8 12 |Shaken 7 23-5 | 8 33 C78 8 15 |Shak., s=1.35 
9 13.5 |Corona,s=.70||/ 8 25 | 75 9 34.5| Shaken, .45 || 9 16.5 1,10 
Io (15 | $ =.40|| 9 26-5) ws to 18 | .80 
11 16.5 |Absent j10 628 ©| Shaken, .43 Ir 19.5 | 50 
12 1 | “* I1 29.5} Absent | 12 21 |Faint corona 
12 31 | ¥ 13. 22.5 |Absent 





' Narrow fog stratum between hemispheres of clear air. 
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6. Lepetitions— Owing to the tendency of benzol to secrete residual nuclei 
in strata near the surface of the liquid, a peculiarity of which I was not at first 
aware, it seemed advisable to repeat some of the results for the successive coronas. 
Examples of the data are given in table 2. The persistent coronas are all normal. 
Punk nuclei were used for comparison with the sulphur nuclei of the preceding 
table, but the conditions of experiment were not materially altered. The results 
are of the same nature. 

7. Differences between nuclei.—The different rates at which s diminishes in - 
case of punk nuclei and of sulphur nuclei, is noteworthy. To bring this out, both 
series of results (new and old) are constructed in the chart, figure 4, the abscissa 
being the number of the exhaustion (all identically 7 = 58/76); the ordinate, the 
aperture of the corona. Of these curves, a, 4, ¢ were obtained with sulphur 





nuclei; a, 6 being the results of table 1, where the liquid was shaken between each 
exhaustion, ¢ being the new series made without continued shaking. The curves 
d, ¢, f refer to punk nuclei. Shaking was irregularly resorted to, and the effect has 
impressed itself on the curves. The new and the old curves for sulphur nuclei 
show about the same steepness, no matter whether the liquid was shaken between 
the successive exhaustions or not. To some degree this is also true for the punk 
nuclei, all the curves showing strikingly less steepness than the sulphur curves. 
In fact, the decrement of aperture 6s is per exhaustion : 


For sulphur nuclei, ds = .14 cm. 
For punk nuclei, Os =.09 cm. 


Since 6d = .00144 6 s/s? = 6s x (d?/.00144), the result in terms of d is less simply 
stated. 

Hence the coronas vanish more rapidly for sulphur nuclei than for punk 
nuclei, and since by $5 this removal is due to subsidence of cloud particles it, 
follows that the benzol-sulphur particles are larger than the benzol-punk particles. 
A corresponding result is found below § 8 for sulphur-water particles. 

The accompanying results drawn to the same scale and obtained in the final 
exhaustions (2 = 20-30) with water vapor are of the same order of steepness and 
have been similarly explained. Petroleum cloud particles, in view of the small 
vaper tension, are much smaller and nearly free from subsidence, as figure 4 
shows. This case corresponds to coronas of abnormal type; it has, therefore, 
seemed reasonable, in the definite computations below, to ignore the effect of 
subsidence altogether when the order of the exhaustion was sufficiently far removed 
from the end of the series. Cf. $11. 

Since d? N=d? and 6d = (d?/.00144) os, if the first equation is differen- 


tiated logarithmically and 6d replaced by the second, 








IV = oor44y 
Hence for sulphur nuclei, 6 V/V = 290d, and for punk nuclei, 6 V/M = 190d, 
equations which show the part of all the residual nuclei precipitated per exhaustion 
at any mean diameter d, and under the time interval and the supersaturations 
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stated. Thus, at the mean diameter (in centim.) d = 0.01, 6M/N=.29 and .19, 
respectively. If d= .0034 and .0052 respectively, all the nuclei will be precipi- 
tated in a single exhaustion of the value specified. (76-58 em.). 


EXPERIMENTS WITH WATER VAPOR. 





8. Constants and apertures of coronas.—Following the unsuccessful investiga- 
tion with benzol, I will now determine as nearly as I can the diameters of the cloud 
particles of water and their numbers. It was necessary for this purpose to make a 
special series of measurements in which the diameters of the normal coronas were 
measured, as far as practicable. These results are given in tables 3 and 4,in which 
the first four columns have the usual signification. The time interval between exhaus- 
tions was uniformly 1 min. 45 sec. The circular source of light was placed 2.5 meters 
from the spherical receiver (diameter, 80 cm.). With the light so far distant, the 
central patches of the coronas following the 7th, 8th, ete., were not white centered, 
but nearly uniformly colored, showing that the close light in the above experiments 
gave a diffuse effect not belonging to the coronas proper. Coronas 11, 12, and 
those following 16 are truly white centered, the latter being of the normal type, 
for which alone the measurements of aperture are directly applicable. One may 
note in passing that sulphur nuclei are sooner emptied out*by precipitation than 
punk nuclei. Although the former give denser initial fogs, the latter give the 
greater number of coronas. §7 shows that sulphur-water particles are the larger, 
cet. par. 

The column marked s shows the aperture of the corona, being the chord of the 
radius 20.1 em. for the goniometer described in $2. In the next column 41/7 
is given, a quantity proportional to the diameter, d, of the particles, so that 
d=d, 1/N. WN, the relative number of cloud particles, is found as above, since 
shaking is never necessary, from MV= N,107¢+%y where Vo=1, 6=.1, 


t= 1.75 min., log y = — .0866, for exhaustions from 76 to 58 cm.,, nearly. 
As the coronas were advantageously compared with those of lyeopodium 
spores for which s’ =.45 em. and d’ = .0082 em., for the same goniometer, the 


equations used above will again be applicable here. Consequently, since 
d= 1.44/s x 105, =a, v1/N, 
1.44 xX 108 
d, = ——— 
Sy 1/ LV 
The values of sx (*1// are given in the tables. They are nearly enough constant 
for measurements of this kind, where the thing to be observed is always a more or 
less hazy and fleeting outline. Cf. $11. Their mean value in table 3 is 4.16, and 
in table 4 is 5.47. The corresponding values of d,, or the initial diameters of the 
cloud particles, are d, = .85 x 10-8 em. in table 3 and d, = .26 x 10-8 em. in table 4. 
All other diameters are then found from d= d,x V1/N. 
The final datum of the tables, 1, is the absolute number of nuclei per cub. 
em., briefly called the nucleation, as found from the value of d and the grams of 
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moisture precipitated per cub.cm. In the globe of 79 x 10° grams were precipitated 
within the given exhaustion ; whence, since the density p— 1, 

79X10°8 = ni wd; 


or, since d3 = d,3/N = (2.63 x 10-4)8/X, the equation for punk nuclei finally 
becomes 
n=N X8.3x10-4. 


For sulphur nuclei, similarly, d? = (3.5 x 10°4)3/M; whence 
n= NX3.6X 10-4, 


n being the absolute, V the relative number of nuclei per cub. em. 

9. Tabulated vesults—The new results are fully given in tables 3 and 4, in 
the manner just explained. The two tables are independent series of measurements 
differing even as to nuclei. 





TABLE 3.—DIMENSIONS OF SUCCESSIVE CORONAS, SIZE AND NUMBERS OF 
CLOUD PARTICLES IN WATER VAPOR. SULPHUR NUCLEI. EXHAUSTION, 
76 tons cm. f= 1.75 minutes. J=.1. MW, = 36,000. Means V4 = 4.16. 



































Exhaustion 
No., Time. Coronas. Sees Viet N-4 dX 104 n X 10-4 
m Ss cm. cm. 
° ° ° Nucleation 1,00 3.50 3.60 
I 2 ZO Fog ane 1.08 3.78 2.85 
2 4 30 , — 1.17 4.10 2.25 
3 Tus My —— 1.26 4.4t 1.78 
4 8 00 ss — 1.37 4.80 1.41 
5 9 45 ~ — 1.48 5.18 1.12 
6 Ti 30 2 1.66 1.60 5.60 882 
7 yes i. 1.65 73 6.05 .70 
8 I5 00 e ) 1.86 6.51 55 
9 16 45 ss | “> 1.70 2.01 7.03 44 
IO 18 30 M3 \ 2.18 7.63 346 
II 20°00 15 Wh, or 1.30 2.36 5.26 .274 
12 22 oo Wh, cr 1.40 2.55 8.93 2106 
13 Ags lis Wh? 1.40 2.76 9.06 aya 
14 25 30 Gr, viol-prp I eae 2.98 10.43 .136 
15 ain) 05 Yl-gr, or \ "3 4.52 3-23 11.30 .107 
16 2 00 Wh, rd, gr 125300 ol] BAO ee reson 085 
17 30 «45 Yl-gr?, rd, bl 1.20 4.52 3.77 13.20 067 
18 B22, 130 Wh, or, rd, gr 1.05 4.2 4.07 14.24 .053 
19 40 5 Wh, or, bl-gr, rd 92 4.05 4.41 15.43 .042 
20 36 00 Wh, or-rd, gr | Bes Ayal 4.76 16.66 .033 
21 B37 4s Wh, br, gr -79 4.07 5-15 18.02 | .026 
22 39 30 oa 272°) 4.01 5-57 1950 | O21 
23 At) 15 ae (faint) 54 6.02 21.07 | 016 
24 43. 00 None === | 6.51 
25 44. 45 None =a | 7.04 cama ae 
26 —- None. Clear — 7.61 —__ | _ —- 
| 





a 
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TABLE 4.—DIMENSIONS OF SUCCESSIVE CORONAS, CLOUD PARTICLES, ETC. 
PUNK NUCLEI, J, = 83,000 PARTICLES. OTHER CONSTANTS AS IN TABLE 
3. Means V4 = 5.47. 






































s.| #_| | | 
Zs O5 Time. Corona, sp sN-4 N+ dx 104 | nX 10-4 108 X 
a Eo n-4 
& | s3 | 
s z | 
mM s , cm, cm 
° = © oo | Nucleation 1.00 2.63 | 22.9 
I — 1 45 | Fog 2.7 1.08 2.84 24.8 
2 — 3 30 ie = 1.17 3-08 
3 — 5 15 ~ — 1.26 3-31 
4 = lag vee ss _— 1.37 3.60 
5 — | 8 45 = 1.3 1.48 3.89 33-9 
6 — 10 30 es a 1.60 4.21 
7 9 12 15 | Olive green (no white) 1.5 1.73 4.55 
8 1o | 14 oo | Green (no white) — 1.86 4.89 
9 11 | 15 45 | Yi-gr (no white) .70 2.01 5.29 
10 } 11-12} 17 30 | Yi-gr, rd 2.50 2.18 5-73 50.0 
i 12 | 19 «15 | Wh, or-rd 2.00 2.36 6.21 
12 14 2t oo | Wh, cr, gr 1.50 2.55 6.71 
13 15 22 45 | s 1.50 2.76 7.26 
14 16 24 30 | Apple gr 1.52 2.93 7.84 
15 17 26 15 | Gr 1.58 5.10 3-23 8.49 74.0 
16 18 28 oo | Wh, br, gr 1.45 5.06 3-49 9.18 
17 19 29 45 | Wh. cr, gr 1.364 5:13 B77 9-91 
18 20 3 30 | Wh, br, d/-g7 1.35 5-49 4.07 10.70 
19 — 33. 15 | Wh, br 1.34 5.91 4.41 11.60 
20 22 35 oo | Wh, cr, gr T2255 45:95 4.76 12.49 TIL 
21 22 36 45 | Wh, br 1,05 5:91 Ls 13.54 
2 — 38 30 | Wh, br 96 5.35 5-57 14.65 
23 25 40 15 | Wh, br 1.03 6.20 6.02 15.83 
24 | — | 42 oo | Wh, br (75 4.88 | 651 | 17.12 
25 — 43 45 | Wh, br 75) 35220 7.04 18,52 161 
26 — 45 30 | Wh, br (faint) 69 5.25 7.61 20.01 
27 _- 47 15 | Wh, br 66 5.43 8.23 21.64 
28 _ 49 00 i 63 5.61 8.90 23.41 
29 — 50 45 | Vanishing .46 9.63 25.33 
30 _ 52 30 | Absent? +35 10.04 
DISCUSSION, 


10. Number and distributions of cloud particles.—In the case of the sulphur 
nuclei there are originally 36,000 particles present per cubic centimeter and finally 
but 160 particles per cubic centimeter; this makes 33.0 particles per linear centi- 
meter initially, and 5.5 particles finally. 

For the case of punk nuclei there are 83,000 particles in each cubie centimeter 
at first, and 90 particles per cubic centimeter at the end of the experiment. This is 
equivalent to 43.6 particles per linear centimeter initially and but 4.5 particles 
finally. In both instances they are thus about 2 millimeters apart when the coronal 
display virtually ceases. 

The reason for the different numbers at the outset can hardly be succinctly 
stated. It seems reasonable that differences in the initial numbers of nuclei should 
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correspond to the general difference of behavior, and this is qualitatively the case. 
Of the determinative loci, s/N’* in terms of z, in tables 3 and 4, the former (sulphur) 
shows a tendency to decrease, the other (punk) a tendeney to increase with 
increasing 2. As s is observed, it follows that 4 is respectively too slow and too 
fast in its variation, instead of being constant with z. Consequently, I suspect that 
the mean of tables 38 and 4 is a more correct sequence for » than either table 
separately. The same conclusion is reached on comparing a given corona (for 
instance, the green centered type for ¢= 14) in the two tables. Obviously, this 
definite diffraction pattern must, cet. par., correspond to the same number of nuclei 
in the two cases. Finally, in the experiments of the foregoing chapter, doubling 
or quadrupling the initial nucleation by correspondingly repeating the charges, 
was found to shift the coronas but a few orders ahead, while the effect should be 
3 or 6 orders of displacement. 

11. Removal by subsidence.—The rapid removal of cloud particles toward the 
end of the tables shown in figure 5, and due to the subsidence of large drops, is note- 
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Fic. 5.— CHART SHOWING THE ACCELERATED REMOVAL OF CLOUD PARTICLES IN THE 
FINAL EXHAUSTIONS (NUMBERS 2, ON CURVES). 

Fic. 6.—CHART SHOWING HE SUBSIDENCE OF Focs oF DirFERENT ORDERS (NUMBERS 2, 
ON CURVES) IN THE LAPSE OF TIME. Fatt (/) 1N cM, TIME (¢) IN MINUTES, 


worthy, and the difficulty of coping with the subsidence error has induced me to insert 
afew special subsidence data here. The products, s x V1/N, were discarded in the 
last case of table 3 and the two last observations of table 4, because of the magnitude 
of this error. Since 7 = 9X 10-4 x 2, the reciprocal variable v = r? x 108/81 may 
be computed, as is done for the vanishing coronas in the following table. 


TABLE 5.—SUBSIDENCE OF CLOUD PARTICLES COMPUTED. 








Exhaustion, No., 2. | Radius, * X 10+. Velocity, v X 10%. 
zs s — z 
| cm. cm./sec. 
° Pegi 21 
I | 1.41 25 
| 
26 3.8 150 
27 4.1 210 
28 4.4 240 
2 4.8 280 
30 5.0 310 
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For the sake of comparison with these computed results, the experiments 
described in table 6 and figure 6 were specially investigated. Observations of the 
fall, f, of the plane of demarcation in the lapse of time were made in full daylight. 
The first 8 exbaustions were successively examined in the large globe, and the rates 
of descent of the 2d and 8th computed graphically. 


TABLE 6—SUBSIDENCE OF FOG STRATA OF SUCCESSIVE ORDERS. 
OBSERVATIONS. Cf. Fig. 6. 
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The observed rate of subsidence is seen to be a remarkedly decreasing quan- 
tity, from which one at once suspects that it is largely apparent. Naturally, the 
observations are vague from the difficulty of seeing a sharply defined upper fog 
limit; but the curves as a whole nevertheless unmistakably indicate much more 
rapid descent at the beginning than at the end of the curves, and a rate of descent 
increasing with the number of exhaustions, ¢.¢., with the mean size of the cloud 
particles. The decreased rate of subsidence must be referred to evaporation at the 
top, Where the smallest particles congregate, and the following chapters will show 
how important this source of loss of cloud particles really is. To this must further 
be added the tendency of cleared warmer air to rise on the outside of the bulk 
contained, producing false subsidence or an apparent descent of the fog limit to 
replace the removal by convection. The table shows how little confidence may be 
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placed in these rates of subsidence, complicated as they are with so many vague 
secondary phenomena. 

A comparison of tables 5 and 6 shows that the final velocities in the experi- 
mental curves (.017-.050 em./sec.) correspond very closely to the velocities com- 
puted in table 5 (.021 cm./sec., etc.) for the particles produced in the earlier orders 
of exhaustion (z = 0, ete.). The two tables, therefore, mutually corroborate each 
other, proving that the order of values investigated for the size of the cloud 
particles is reasonably correct ; proving also that the initial apparent subsidence is 
spurious, as anticipated. In fact, if water is precipitated by sudden cooling from 
atmospheric air in an otherwise dry vessel (Cf. Chapter VI, § 10), the apparent sub- 
sidence is astonishingly rapid, being of the order of more than meter/second. 
Clearly, from the excessively small particles precipitated, this can be nothing but 
quick evaporation under conditions of minimum moisture. As the temperature 
rises after the exhaustion, the air at once ceases to be saturated. 

A few rough estimates may be made for the globe, 30 em. in diameter. 
The descent of the body of fog per minute will be about 1.5 cm. during the first 
exhaustions (2 = 1), and about 11 em. during the final exhaustions (¢ = 26). The 
loss of particles may be taken as the ratio of the volume submerged to the total 
volume of fog, and the results show that during the first exhaustions a loss some- 
what exceeding 5 %, during the last exhaustions a loss approaching 50 %, is to be 
apprehended. Hence, the time during which subsidence occurs (presence of fog 
within the receiver) must be reduced to a minimum, only maintained just long 
enough to make the observation. But even in this case the subsidence error 
toward the end of the series becomes increasingly menacing, and to it are to be 
ascribed the jagged outlines of the data for s/V in tables 3 and 4. Very 
fortunately, the subsidence error is in large measure counterbalanced by the evapo- 
ration of particles, and for this reason the removal of particles by subsidence has 
been ignored in this chapter. Any correction applied would be arbitrary; but 
there is no question that the results could be materially improved if a new form of 
apparatus were contrived adapted to insure the utmost dispatch between the 
exhaustions and observations. 

12. Normal and other coronas.— With particles as near together as they are 
originally (.02 to .03 em,), it is not remarkable that other optical phenomena may 
make their appearance due to the mutual action of the edges of the particles, and 
it is not improbable that this mutual effect contributes to the colored central patch 
of the coronas, occurring as a superposition of a new phenomenon on the old. The 
normal coronas do not begin until the number of particles is 530 or 600 per cub. 
em., or about 8 per linear cm., putting them somewhat more than 1 millimeter apart. 
Normal coronas are seen until the particles are about 2 millimeters apart, after 
which they shrink beyond observation. The particles themselves are but .0014 to 
0025 cm. in diameter, at the beginning and the end of the series of normal coronas 
respectively, and are thus very small as compared with their distance apart. Again, 
initially —7. ¢., immediately after nucleation, where the particles are but .02 cm. 


apart—their dimensions are .0003. In all cases, therefore, the interstices are large. 
5 
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The ratio may be found generally. Since the nucleation x = 6 X 790 x 10> %/zd8 
denotes the number per cubic centim., yz is the number per linear em., and ¥1/n, 
their distance apart. Otherwise 1/n is the volume of each and V1/n the edge of a 
cube occupied by a single particle. Hence, 

Y1/n 1 - 

I ro =e fon ozo = 8%. 
The edge of a cube containing one cloud particle and the diameter of that particle 
are proportional quantities in the ratio of 87:1. The density of the suspended 
water is thus on the average .8 x 10 ~°, throughout. 

13. Size of the particle producing axial color—It is finally necessary to 
inake a similar computation for the number of particles active in the dram when 
axial colors are seen. ‘The correlation will be made by means of identical 
coronas, Writing as usual, d= 1.44/s x 10° =d,¥1/W, the initial diameter is 
J, = 144/(s x 41/N x 10°). Using the second series of axial colors, Chapter I, 
table 19, as these are more complete, two distant coronas are eminently available 
for comparison. These are the early member with the olive-green center and the 
subsequent member with an apple-green center. 

Table rg shows, (olive-green) V = .368 z= 8.5 1/1/N = 1.40 
(apple-green) V=.113. 2 = 18.5 [/1/N = 2.07 
Table 4 shows similarly (olive-green) @=4.6 X 1o cm. ad, = 3.3 X 10° 
(apple-green) @=8.1 X 10-4 cm. ad, = 3-9 X 10° 

It is hardly reasonable to look for better agreement in two observations so 
remote, and hence the mean value, 7, = 3.6 x 10 ~4 will be taken for the reductions 
in case of the axial colors observed in the drum. Hence, 

d= 3.6 X 10-4 x J1/N. 

The precipitation per cubic centimeter in the drum was found to be 
361 x 10-% grams of water per cubic centimeter of moist air, the pressure ratio 
being smaller. Hence, finally, 


n= SES = 152 x 104 x W. 
The data of table 7 were derived in this way. 

This is an average exhibit of the dimensions and numbers of particles active in 
producing axial color. The final column shows their ayerage distance apart. That 
the absorption phenomenon occurs for particles as large as d is in many ways sur- 
prising, for it does not suggest optical interference. The particles are, as before, 


thinly disseminated. The ratio of their distance apart and their diameters being 


Vi/n — 113, 


a 
The density of distribution is somewhat smaller than before, but the length of 
column more than makes up for the difference, 
If, therefore, a cube .04 em. along each edge be imagined, this cube at the 
oatset contains one particle of the diameter of 360/108 cm. Thus 113 cubes on 
end would make a row of particles normal to, and 113 x 113 cubes on end 
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could be made to virtually fill wp, the square content across the line of vision. 
Hence, .04 X 11382 = 512 em.,, or about 5 meters of column would be needed to 
virtually blot out the unaffected white light (excepting that which filters between 
rectangularly contiguous, co-planar spheres). At the end of the experiment a col- 
umn .096 X 1182 = 1280 em. or about 13 meters long would be needed if axial 
color is to be seen. In the above experiments the column or drum was nearly 2 


meters long and this proved to be insufficient. 


TABLE 7— DIMENSIONS AND NUMBERS OF CLOUD PARTICLES PRODUCING 
AXIAL COLOR. CONTENTS AS IN TABLE 19, CHAP. II. MV, = 15,000 particles. 


























— 
z Corona. | Axial color, N X 108 | dX 10° | n | n-4 
ae || eee | | 
. cm, | | cm, 
° Nucleation 1000 | 360 | 15000 .0405 
I Fog, colorless Viol-bl 869 | 374 | 13300 | .0420 
2 é. s Bl 790 | 389 | 11800 | 
3 702 407. | 10500 | 
4 Fog ect 624 421 | 9360 | 
5 -gr 555 436 | 8320 .0493 
6 Fog, colorless Gr-yl me fee | =ie0 — 
7 Olive gr | Yl 435 475 6570 
8 x | Or 389 493 | 5830 
9 a + 340 | | 51t || S190 
Io 4 | Or-rd 308 533 4620 .060 
II Gr-y] Prp 273 | 554 4100 
12 ; ‘i 243 | 576 3640 
13 Yi Viol | 216 | 6or | 3240 
14 Or-rd Viol-bl | 192 619 | 2880 
15 Rd si | 171 | 648 2560 073 
16 Prp Gr | 152 673, | 2280 
17 4 Y! 135 | 702 2020 
18 Wh-viol E20) ||| ssi 1800 
19 Apple-green Viol? | 106 | 760 1590 | 
20 Y1-gr Viol | 95 | 788 1420 .089 
21 Or-rd | | 84 | 821 1260 .093 
22 Viol-prp | aaa | 75 | 853 1120 .096 











14. Summary—tIn conclusion, I give a tabulated summary of the chief 
constants relating to the coronas and axial colors, produced by water particles. In 
this table the colors of the coronas have been again overhauled, and the data refer 
to punk nuclei, NV is the relative number of particles, n the absolute number per 
cub. em.; 7 denotes the diameter of the particle in em., I Vn the edge of a cube 
containing on the average just one particle. It may be useful to recall that 

Na NYO? a2) Icey, 
where 2 denotes the number of the exhaustion or order of the corona in the series, 
} is the coefficient of the time losses apart from exhaustion, y the ratio of densities 
before and after exhaustion regarded as an adiabatic process, but corrected for the 
heat evolved by the precipitated water. In measuring the diameter, d, of the 
particles, the normal coronas succeeding the 20th exhaustion were used directly by 
comparing their angular aperture, s, with the coronas due to lycopodium spores, 
assuming for the latter, diameter /’, = .0032 cm., while s’, =.45 cm., by observation. 
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The source of light and the goniometer were each distant 2 1/2 meters from the 
receiver of cloud particles. The diameter of the earlier cloud particles was com- 
puted from NV, and found to be 

d, = 263 x 10-6 for punk nuclei, in the globe, 

d, = 350 x 10-® for sulphur nuclei, in the globe, 

d, = 360 x 10-6 for punk nuclei, in the drum. 
These values depend merely on the number of nuclei originally put in, but they 
were purposely made as large as practicable. 

The precipitation for adiabatic expansion was computed from rx = Ss — Cg lgs, 
where $ is the absolute temperature, 7 the latent and C’ the specific heat of the 
liquid, S the constant entropy and #/(1 — @) the ratio of vapor and liquid in the 
chilled mixture. For coronas in the globe, m= 79 xX 10-8 grams of water were 
precipitated per cub, cm., and for axial colors in the drum, m= 36 x 10-8 grams 
of water were precipitated. 

Finally, the absolute number was found from m = n x 7 X d*° = n X 4 whence 
for coronas in the globe, n= 8.3 X 104 x XN, in case of punk nuclei, 

n= 3.6 X 104 x XN, in case of sulphur nuclei; 
for axial colors in the drum, n= 1.5 x 104 x WX, : 
with a weaker nucleation of punk nuclei. If M= MV, = 1 or at the beginning of 
the experimental series, 
nm = 83,000, = 36,000, = 15,000, respectively, 
depending on the number of nuclei arbitrarily introduced. 

The axial colors completely vanish before one half of the coronas have been 
passed. Experiment shows, therefore, conformably with the interpretation just 
adduced and apart from discrepancies due to insufficiently uniform distributions, that 
columns 5 to 13 meters long are necessary if saturated axial colors are to be observed. 

Axial colors may, therefore, be produced by light which has passed through 
the particles and to the same agency the colored fields may be referred. It is easy 
to obtain color in the undeviated ray’ (here the coronal center or axial color) when 
plates or films are dealt with, by superimposing an interference phenomenon on the 
diffraction phenomenon. For the sake of having a convenient scale of distribution, 
I mapped out the axial colors in this way in my earlier volumes. The case seems, 
however, to be very different when droplets as small as 2/104 to 4/104 em, are in 
question. Here it is on the one hand difficult, in view of these small globules, to 
interpret the entrance of light in such a way as to produce interferences. On the 
other hand, the particles are too large to correspond to thicknesses which produce 
the vividly colored Newtonian interferences of the first and second order, for in 
such a case the plate must be of small thickness as compared with the wave length 
of light. In the absence of an adequate theory or even an adequate suggestion, it 
seems best, therefore, to leave the subject in abeyance, seeing that the light reflected 
from the outside of the particles must at the same time be accounted for, as well 
as the effect of the approach of the particles themselves. 


‘References to the well-known experiments of Quincke and others, and an analysis of Row- 
land’s theory, will be found in Kayser’s Handbuch der Spectroscopie, Leipzig, 1900, p. 428, et seq. 
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TABLE 8.—SUMMARY OF DATA FOR CORONAL AND AXIAL COLORS. 
MEAN VALUES. 

ViVi aT Oc + dt) log y, 
6=.1. For coronas (globe, 30% diam.), y (corrected density ratio) = .82 ; #= 1.75°" 
For axial colors (drum, 187 cm. long), y = .92; ¢=3.5™"™ nuclei from glowing charcoal. 
Se Z ai eee 
3 So N d n nt g 3 Axial Correspond-| N d n nd 
a Corona: < 102) |X 108| x 10=41'< 108 ae color, | ing corona. | 108 X 10°|X 107?|X 108 
Oe | ee 
cm. jos | cm, cm. r/om-s cm. 
o| Nucleation 1000 | 260/830 | 23)| 0] Nuclejation. j1000| 360} 150 | 40 
1| Fog 791 | 280| 660 25 ||.1|Viol-bl |Fog | 889] 370] 130 | 42 
2| Fog 626 | 310] 520 2 |Bl . | 790| 390| 120 } 
3| Fog 495 | 33°. 410 || 3 (Bl ss | 702) 410] 105 
4} Yellowish, Reddish 392 | 360! 320 | 4|Bl-gray | “ 624| 420] 94 
5 = “* smaller} 310 | 390| 260 34|| 5 Yl-gr “ | 555| 440] 83 | 49 
6| Wh-yl, prp, gr-yl 245 | 420| 200 | || 6 |Gr-yl i 493| 460] 74 
7 | Bluish, dk gr-bl, or, rd 194 | 450| 160 | | 7|¥1 Bl-Gr 438| 470] 66 
8} Greenish, dk-gr, prp, gr 154 | 492} 130 | 8 |Or = 389) 490] 58 
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13| Wh, prp, gr, rd, gr 47.6] 730, 39 ||13 | Viol Yl | 216| 600| 32 | 
14| Gr, dk bl-gr, rd gr 37.7| 780| 31 14|Viol-bl |Or-rd | 192| 620] 29 
15 | Gr-yl, br, gr, rd 29.8| 850) 25 | 74||15 “\Rd 171| 650] 26 | 73 
16 | Yl-wh, or-rd, gr, viol 23.6| g20| 20 | 16 \Gr Prp | 152] 670] 23 
17| Wh, prp, gr 18.7| 9go| 15 17 |Y1 Prp | 135| 700} 20 
18 | Wh-gr-yl, dk bl-gr, rd, gr, 14.8 1070 | 12 18 |— Viol 120] 730} 18 
19| Wh, rd-br, gr, bl, rd 11.7|1160; 10 zg |Viol? |App-gr | 106) 760| 16 
20| Wh, rd, gr g.2|1250 7.7| 111 ||20 |Viol |Yl-gr 95| 790| 14 ; 89 
21 | Wh, br, bl, gr, rd, gr 7.31350 6.0 \21 |— \Or-rd 84| 820] 13 | 93 
22 i 5.8\1460, 4.8) j22 |— Viol-prp| 75) 850] 11 | 96 
23 oe 4.6|/1580| 3.8 
24 es 3:6 [710) 3.0 
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CHAPTER IV. 


GENERAL SURVEY OF CONDENSATION IN THE VAPORS OF IONIZING AND NON-IONIZING 
LIQUIDS, 


The subjects to be treated promiscuously in the present chapter, are the be- 
havior of nuclei in vapors of non-ionizing liquids, the form of coronas observed, the 
intensity of axial color effects, the production of nuclei spontaneously, by shaking 
liquids, etc., and the distribution of the initial nucleation as evidenced on exhaustion 
by the initial fogs. The methods used, though efficient for exploration, are not 
adapted to secure results of precision. The next chapter will show that the merest 
traces of solute will materially modify the behavior of a nominally pure solvent; 
and hence the liquids of the following paragraphs should in critical instances be re- 
garded as dilute solutions. 


GRADED CONDENSATION. 


1. It would be difficult to read the admirable work on the relation of rain 
and atmospheric electricity which has issued from the Cavendish Laboratory, with- 
out being convinced of the strength of the arguments put forth. That in a repe- 
tition of these researches, in particular of the experiments of C. T. R. Wilson? on 
the comparative efficiency as condensation nuclei of positively and negatively 
charged ions, one would but reproduce his results, admits of no doubt. 

In so important a question, however, it is none the less desirable to reach 
identical conclusions from entirely different methods of approach. It has been 
part of my purpose to be driven to like inferences; in other words to reach a point 
in my work where I should have to abandon the nucleus as an agency which for 
purely mechanical or thermodynamic reasons facilitates condensation, and be com- 
pelled to recognize the special activity due to its charge. 

I had hoped to accomplish this in the following experiments* with benzine 
when contrasted with the corresponding behavior of water; but the results, con- 
trary to my expectation, are so curious and pronounced an accentuation of the 
nuclear theory that it seems worth while to specially describe them. 

2. The work originated in the following point of view: If the action pro- 
moting condensation is in any degree of a chemical nature (such suppositions have 
been made; the production of hydrogen superoxide, for instance, has been sug- 
gested), then there should be a marked difference in the efficacy of the same nucleus 

'C. T. R. Wilson, PAt/, Trans., London, vol. cxcili., pp. 289-308, 1899. 

* Cf. Sctence, xv., pp. 175-178 


, 1902. 


7o 
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when the saturated water vapor is replaced by the vapor of some electrolytically 
neutral liquid, like a hydrocarbon. I accordingly made a series of experiments 
with benzine, endeavoring at first to utilize benzine jet and color tube in the usual 
way. In this I failed, for reasons without much relevant interest here. I then 
adopted the method of adiabatic cooling, partially exhausting a spherical receiver 
(Coulier, Kiessling’) about 23 cm. in diameter, illuminated by white light diverg. 
ing from an external point. In this way not only were copious fogs obtained, but 
the coronas produced were additionally available as evidence. 

In the benzine jet, particles are probably cooled too suddenly, and at once 
attain a size incompatible with axial color effects. Using the exhaustion method, 
however, these axial colors appearing in benzine are not only of pronounced depth, 
but they run into higher orders than in the case of moist air subjected to like ex- 
haustions. Sequences passing through blue, green, yellow, brown, purple, ete., green, 
brown, etc., may be seen in the axis of a column only 28 em, long. The reason, no 
doubt, is associated with the lower latent heat of benzine, insuring the formation 
of drops not less uniform, but of a size, cat. par., regularly larger than for water 
vapor. The fact that axial colors are producible both with water and with a pro- 
nounced insulator like benzine, is a result of fundamental importance in its bearing 
on any theory adduced to account for the axial absorption in question. 

3. The exhaustion experiments® were thus at once successful. Cloudy con- 
densation was as densely produced in benzine vapor as in water vapor, with 
phosphorus, flame, and other nuclei. Care was taken to insure dryness of vessel by 
test experiments both before the benzine was introduced and after it had been 
quite removed by evaporation. The exhaustion of about one sixth, say 13 em., 
seemed best adapted to bring out the following phenomena. When the receiver 
was left standing overnight no marked condensation occurred in the absence of 
nucleation, or else the condensation was rain-like, a fine mist falling about 2 or 3 
em. per second. 

The introductory experiments were made with light nearly in parallel, the sun’s 
image being used as a coronal center. The even dense tawny benzine fog after the 
first nucleation was expected to develop on subsequent exhaustions (each followed 
by an influx of filtered air) into the magnificent coronas which characterize this ex- 
periment in the case of water vapor. On the contrary, however, the fogs were more 
fleeting, showing a more rapid descent than aqueous fogs, and the color fields ob- 
tained were not ring-shaped as expected, but sharply stratified horizontally, roughly 
speaking, in alternations of green and red. 

Moreover, if the exhaustions were made successive without influx of air be- 
tween each, the colors rose in strata from below, as they fell in strata when left 
to themselves. On mounting, the strata grew successively wider and thinner till 

1For a digest of earlier observations, see my Report on Cloudy Condensation, Bull. 12, U.S. 
Weather Bureau, 1893. s 

2 Latent heat is not the only determinative factor, nor even the most important, as has been 
seen above. 


* Coronas afterwards produced by parafine nuclei in benzol vapor (Chap. V, § 37) might have 
been effectively inserted here. 
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they vanished from sight, brown, yellow white being the last colors observed. 
Uniform color fields (strata of limiting width) were eventually producible in this 
way. Yellow, brown, crimson, arose from a whitish blue base, then descended 
again on completed exhaustion, reminding one of the extension of an accordion. 
The speed of apparent viscous subsidence of the top bands has no direct meaning, 
since fal] (or rise) is here complicated by evaporation. 

On entrance of air, vortices were evidenced by ring-shaped threads of color so 
that mixture was at first inevitable. One must wait till this ceases before again 
exhausting. Convection currents due to local reheating of the adiabatically cooled 
gas by the walls of the receiver, were equally apparent, stringy colors rising on the 
outside and descending into the middle of the receiver. It is the same phenomenon 
which interferes with the usefulness of narrow tubular apparatus. 

4. As this subsidence of color bands in benzine vapor is an observation of 
importance, I resolved to repeat the work under more normal conditions. Accord- 
ingly, I used as my source of light the bright area of the mantle of a Welsbach 
burner, seen through a small hole in the metallie screen by an eye, looking centrally 
through the receiver containing saturated benzine vapor and nucleated air. Punk 
nuclei replaced the phosphorus nuclei. On exhaustion (without nucleation) after 
standing overnight, the coronas were white centered, fringed with brown, about as 
large as ordinary lycopodium coronas seen under like conditions. These large 
drops are a proof of the relative absence of nuclei initially. 

After nucleation, the first dense fogs were vaguely annular during the first five 
successive exhaustions, filtered air being supplied between each. The next five 
exhaustions produced more nearly, finally very fully, stratified colors, in spite of the 
point source of light. Shaking the receiver violently at any time, so as to scatter 
the liquid benzine within, always reproduced a nearly perfect corona, which, on 
standing, became distorted again, in color at least. I now made special experiments, 
shaking the receiver before each observation, bringing out successive coronal 
effects ' never as perfect as with water, however, always showing the tendency to 
stratification. The characteristic coronas succeeded each other so rapidly that it 
would be difficult to make them out. Nuclei, however, were still present after 
over two hours, the eventually white centered coronas showing a continued shrink- 
age to smaller diameters in accordance with the diminishing number of nuclei 
present. Twenty exhaustions did not remove them. 

Here, as above, therefore, the fleeting character of the coronas, their tendency 
to depart from the normal annular character into stratification, the speed of descent 
of the color bands,’ their rise upward on exhaustion like a fog from a lake, are the 
special characteristics of the colored cloudy condensation occurring in benzine. To 
these are to be added the striking axial colors mentioned above. 

5. To explain the above phenomena in their variation from the normal 
aqueous corona, it is first necessary to account for the more rapid subsidence of 


These will be described in a subsequent paragraph. 
* Due both to evaporation at the fog surface as well as to subsidence, very volatile and relatively 
heavy drops promoting both occurrences. 
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nuclei. Iam not aware of appreciable differences of viscosity in the two vapors ; 
but benzine has the smaller latent heat of evaporation by over seven times. To the 
extent in which the relevant constants of benzol are known, the phenomena may 
be provisionally explained with this ratio (Cf. Chap. IM, $$ 4 and 5). Hence, under 
identical conditions of nucleation and for like exhaustions or like adiabatie cooling 
of a given mass of saturated air, the drops would be larger, the colors more 
advanced in benzine than in water; and since the square of radius is in question, 
this would point to subsidence of the loaded nuclei in benzine nearly four times 
more rapid. It would also account for more rapid evaporation or more fleeting 
colors, which is the case. 

Again, if the loaded nuclei be regarded as mechanical particles, the largest will 
eventually be found in the lower strata, the smallest in the upper strata, as in a 
case of ordinary subsidence of suspended matter in water. It is well known, more- 
over, that smaller droplets wane, larger droplets grow. Hence, on increasing exhaus- 
tion condensation takes place first at the bottom and last at the top, since the 
smallest nuclei correspond to greatest vapor pressure or difficulty in condensation, 
and since the largest nuclei have been loaded with condensed liquid first, have 
parted with it last, have had greater time in falling, and have therefore sunk 
deepest before losing their liquid load. The strata must mount upward as fresh 
exhaustion proceeds. The last colors to appear are the browns and yellows of the 
first order, like those seen in the steam tube for vanishing condensations. The 
whole phenomenon is thus the result of strata of invisible nuclei, graded in virtue 
of the loading mechanism, and partakes throughout of a mechanical character to the 
extent that the nuclei are not even a uniform product. The forced distribution is 
sufficiently powerful to entirely mask the elementary optical phenomenon. 

On shaking the liquid benzine in the receiver, uniform distribution is again 
promoted, with the result that annular coronas reappear. It is particularly to be 
noticed that subsidence is due to loaded nuclei. The free nucleus does not 
appreciably descend. Even with water vapor, loading does not produce stratifica- 
tion. Water fogs when exceptionally dense may sometimes be seen to rise, but the 
diffraction pattern is always annular and usually without color distortion, 

6. After completing the above work, I made similar experiments with benzol, 
reaching the additional result that the nuclei here behave as if they were produced 
by the liquid itself in the dark. The sequel will show that they are not really so 
produced, but have a habit of brooding over the surface and thus escaping detection 
until revealed by diffusion. They then ascend against gravity in horizontal strata. 
They may be precipitated by partial exhaustion, leaving the air nearly free from 
nuclei, but the above flask was refilled with nuclei in 10 or 20 minutes. The 
experiment may be repeated any number of times. The sharp demarcation 
between the pure air above and the rising surface of nuclei below, is beautifully 
evidenced by the coronas, which are annularly perfect for axial beams below the 
surface, asymptotically bowl-shaped near the surface, and absent for axial beams 
above the surface. Cf. figure 2, Chapter 1. 

Truly spontaneous nucleation in the dark was only discovered in a few cases, 
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notably that of carbon disulphide and certain solutions, In these the number of 
nuclei ultimately reaches a fixed maximum or saturation at an excessively small 
vapor pressure, and the final coronas have fixed diameters for fixed supersaturations. 


THE FLOWER-LIKE DISTORTION OF CORONAS DUE TO GRADED DISTRIBUTIONS OF NUCLEI.’ 


7. The foregoing general descriptions have brought out a series of coronas 
obtained very easily with volatile hydrocarbon solvents, benzol, ete., in which the 
coronas met with are not closed and annular, but of a variety of patterns from oval, 
with the long axis vertical, to the symmetrically open doubly inflected types (lyre- 
shaped, basin-shaped), running continuously into horizontal strata in the limiting 
case. It will be expedient to examine more closely into these conditions before 
proceeding to a detailed study of the phenomena in hydrocarbon liquids generally. 

These distortions are due to the non-uniform distribution of nuclei as to size, 
the largest having sunk deepest and the finer nuclei floating uppermost, in virtue 
of the precipitation mechanism. When supersaturation is produced by adiabatically 
cooling the benzol vapor, the condensation begins at the lower strata and then 
passes upward as exhaustion proceeds and higher degrees of supersaturation are 
reached. The evolution of coronas is peculiar in this case, and reminds one of a 
person throwing out his arms laterally and upwards until his hands strike above 
his head. The sweep of coronal streamers is outward and upward symmetrically 
with respect to the vertical plane through the source of light. If the gradation is 
not too rapid, they eventually coalesce above it. 

The droplets produced are finer above than below; but it does not follow that 
there are more particles in the upper layers. The reverse will naturally be 
assumed. The lower particles being larger, have first received the condensation as 
already suggested, and have thus grown biggest, as the opportunities for growth 
came earliest and lasted longest. 

8. It is my purpose in this section to work out the shape of the loci of like 
color when the nucleation is not uniform as to size or number. The distributions 
arise from the subsidence of loaded nuclei; they are, therefore, horizontally 
stratified. 

In figure 1, let o be the distant point source of light into which the coronas 
would shrink annularly and symmetrically from without inward, to a limit in a 
normal case. Let p be the angle between the horizontal through 0 and the radius 
vector, 7, to a line of uniform color, a, in the distorted corona, and let 1 be the 
height of the extremity, c, of the radius vector above the datum line through o. If 
R be the distance of 7 from the eye of the observer, 27/ = s/f is the angular 
aperture of the corona. , 

Let ¢ be the diameter of the particles at the level passing through c. Then if 
6, and s,/# be the corresponding quantities (diameter and aperture) of particles 
in the datum level, 


68 = 6,8, = .00144, (1) 


‘Cf. Am. Fourn. of Sci.,(4), pp. 329-312, vol. Xiii., 1902. 





J 


or 
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the number being found by experiment for normal coronas. Hence, 7.dé + 6.dr=0 (2) 
where 7 = 8/2. Again, if the angle » increases counter-clockwise by dg, . 
rag cos p + dr sin gp = dh. (3) 
Let ds = adh (4) so that the diameter of the water particles is supposed to 
decrease (@ being negative) uniformly upward. Other laws of distribution would 
merely complicate the problem without conducing to the present purposes, seeing 
that the observed facts will be sufficiently interpreted by equation (4). Combin- 
ing (4), (8), (2), 
r. cos pl + sin gdr = — (6/a) (dr/r) = — .00072 dr/ar?, by equation (1). (5) 
Put A = .90072/a and integrate (5) whence sing = C/r + A/r?. To determine 
CG, equation (1) is available, since for p=0,7—=7,). Therefore 
sin p= — (44/s) (1/s)—1/3). 
To construct these coronas, distorted in consequence of the linear distribution 
of size of particles, it will generally be more convenient to express s in terms of g, 
so that finally, 
s=—(2A/s, sing) I—V1+8?, sin p/A) = 
—(6,/asin p) 1—V1+24/s, sin g/d.) (8) 











Fic, 1.— DIAGRAM. 
Fic. 2.—CAMPANULATE CoRONAS DUE TO DISTRIBUTIONS OF 


Nuc.el, GRADED IN THE RATIO OF @ = d46/dh, = 0005, .00010, 
.00035, -00050, AND .OOTOO. CORRESPONDING CURVES HAVE THE 
sAME NUMBER ABOVE AND BELOW THE HORIZON. 


9. With this equation the following table has been computed (@ is for con- 


venience entered positively). To have an average case at the datum level, put 


6) = -001™, as the diameter of particles. The values of sare given for 9 values of » 


and for 6 values of a; viz., a= .00005, .0001, 00035, .0005, .001, or for 4/6, = 


.05, .1,.35, .5, 1.0, as decrements of diameter"per linear centimeter of level above hy- 
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TABLE 1.—FLOWER-LIKE CORONAS DUE TO GRADED CONDENSATION. 


s =—(24/s, sin p) (1— ot + (s?,/A) sin ); O=6,—ah ; A =—.00144/2a; 8, =.001™; 

















O So = 001443 Sp = 1.44™ 3 5, = 2.88™, 
- — — T 
(1) (2) | (2') (3) (4) | (5) 
Pp s s | s s j s s P 
cm. | cm. cm, cm, ] cm. cm. 
| | 
—go* | 1.36 1.35 1.19 | 1.12 97 «| 58 —go” 
—67.5 | 1.38 1.35 1.20 1.14 -99 60 —67.5 
— 45 1.41 1.38 1.24 1.19 1.05 66 =45 
—22.5 1.43 1.40 1.32 1.28 1.18 | 80 — 22.5 
+0 1.44 1.44 1.44 1.44 1.44 1.44 +o 
4+ 22.5 1.40 1.45 1.61 1.72 = +22.5 
45 1.47 1.52 1.86 — = 45 
67.5 1.49 1.55 Zaz — = 67.5 
go 1.50 1.56 2.85 ae = yo 
| | = = 
a— .00005 .00010 .00035 .00050 -00100 .00500 
A= a4 —14.4 —7.2 — 2.07 —1.44 — 2 —.144 
2A/s, =0,/a= —20 —10 — 2.87 —2 —T ee 
s%,/A = =e = —.144 —.288 — 1.00 —1.44 — 2.88 —14.4 
0 
Pu = — —_ go 43-9 20.3 3-9 


The curves showing the loci of uniform color for these different conditions are 
constructed in the chart and numbered 1-5 in succession. No. 1 is still very nearly 
circular, while No. 2 is more oval, the members having risen above No. 1. Both 
curves are closed. No, 2’ is the interesting transitional case between closed and 
open curves, concerning which presently. No. 3 is already quite open and_bell- 
shaped ; No. 4 more so; No. 5 is basin-shaped, and succeeding curves would more 
and more nearly approach the horizontal line through the source. Naturally, all 
curves pass through the same two points in this line. 

Moreover, equation (6) shows that s becomes imaginary when 1< (s?,,/A) sin g 


since A isnegative. The final values of sand @ are thus given by sin g, =— A/s? ,, 
so that on reduction s,, = 2s, = 2.88. These data are also given in the table. It is 
further apparent that the corona will just begin to open on top when 1 =—s?,/4A, 


or sing =1. Since A = —.00072/a and s, = 1.44 the gradient a = .0035. This 
is the curve No, 2’ between the conditions of Nos. 2 and 3. In all these cases the 
equation given strikingly interprets the opening of a harebell or what would be 
called campanulate efflorescence in botany. 

I may add, in conclusion, that all the types of curves given are continually and 
repeatedly met with in working with volatile liquids, among which I have now 
examined gasoline, benzine, benzol, and carbon disulphide, at length. The law of 
distribution reproduces the cases as nearly as they can be tested in the fleeting 
coronas, though the real law is not liable to be linear and will have to be specially 
worked out. 

Finally, if all gradation of particles is absent, or if the air passes abruptly 
from uniformly nucleated to non-nucleated air passing through a horizontal plane 





THE STRUCTURE OF THE NUCLEUS. ed 


of discontinuity, the coronas seen in the horizon are semicircular, and not distorted 
as above. This is often the case with carbon disulphide. 


PRELIMINARY EXPERIMENTS WITH NUCLEI IN HYDROCARBON AND OTHER VAPORS. 


The following experiments contain a cursory view of a number of occurrences 
which may be observed in working with vapors of the kind specified. Attention 
will be directed to the coronal colors and shapes, to the axial colors, to the spon- 
taneous generation of nuclei in the dark, to the nuclei producible by shaking liquids 
and solutions, to the velocity of these and other nuclei, ete. The more interesting 
features will be reserved for quantitative determination in the subsequent chapters. 
The apparatus is shown in Chapter III, figure 2, and will need no special deserip- 
tion. During nucleation the filter, 7, is replaced by an ionizer, 

10. Gasolene. Coronas and axial colors —To test the sequence to axial 
colors for this vapor, the drum was carefully dried and the successive exhaustions 
made in the usual way. The results, though showing great intensity and abun- 
dance of axial color, were so irregular as to the coronas that no systematic conclu- 
sions could be drawn. Horizontal bands, dense or in colored strata, appeared in 
place of the coronas. A copious gasolene rain was observed on the day following 
the nucleation, together with small coronas. The difficulty, therefore, is absence of 
homogeneity, and the endeavor to improve the conditions by rocking the drum 
violently between the exhaustions proved of no avail. Energetic shaking of the 
liquid within the drum alone evokes annular coronas, but this is a serious interfer- 
ence with the experiment. The following table is an example of the results 


reached +. 


TABLE 2.—BEHAVIOR OF SULPHUR NUCLEI IN GASOLENE VAPOR. 
DRUM. EXHAUSTION, 76-68 cm. 























Exhaustion No. Time. | Corona. Axial color,! 

° ro" 18™ Nucleation —— 

I 21 Opaque 

2 25 i Bl-op 

3 28 Fog Bl, rd, op 
4 31 

5 35 es Or, op 

6 40 *: Or, gr, op 
7 43 a Op, bl, gr 
8 48 _ Rd, bl-gr 
9 51 ix Or, gr 
10 55 Colored fog Or, gr 
II 59 i i Viol, gr 

h m “ec ““ ce 

12 Ties 
13 II Strata Or, yl. 
14 15 | | Prp, viol 
15 20 - 
16 D2 eon = | Axial color still present 





1 Bl, blue ; op, opaque ; rd, red ; gr, green; or, orange, Pp, purple ; viol, violet. 
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Thus the axial colors flash through a variety of tones, terminating in opaque, 
which is here a mere evidence of irregular size. Very little reliance can therefore 
be placed on the color sequences, but the marked occurrence of axial color is well 
brought out. 

The following table is a full series of experiments made to determine the coro- 
nas in gasolene vapor. They were obtained in a glass globe, 23 cm. in diameter, 
with careful filtration. Some of the coronas are measured. 


TABLE 3.—BEHAVIOR OF PUNK NUCLEI IN GASOLENE VAPOR. GLOBE, 23 cm. IN 
DIAMETER EXHAUSTION, 76-59 cm. DIAMETER OF DROPLETS d, IN cm. 








| | 


Exhaustion No. Time. Corona. d (cm.) 

° Pie Nucleation 

I 54 | Fog in upper hemisphere only 

2 | 56 Shaken, wh, rd, dk-gr, diffuse 

3-5 58-62 oa “ “ as 

6 64 4 5 * i -00139 
7 | 66 = ‘ . .00136 
8 68 _ fs . i -O0144 
9 70 Vague 
10 | 2 Absent 








Here the initial fog floats gravitationally on the clear air below, as the punk 
nuclei were introduced from glowing charcoal. 

11. Spontaneous nucleation.—lt the nuclei are left standing, they are liable 
to persist for many hours, and good coronas (nucleation now homogeneous) may be 
obtained on the succeeding day. A clean vessel, however, remains clean. There 
is no spontaneous nucleation. 

Thus, I found in a vessel freed from nuclei by exhaustion at 9" 50™, no coronas 
or rain at 1" 10", nor at 2" 45™. Similarly, when left over night, the clean vessel 
remained free from nuclei. 

12. Shaken nucleii—On shaking the gasolene violently, coronas were pro- 
duced as follows: 


Exhaustion, I 2 3 4 
Corona, Strong s = .50 Faint, s = .50 Absent. Absent. 
d = .0029 d = .0029 


It is noteworthy that the nuclei of these coronas are themselves very persistent. 
Examined 7 minutes after shaking, the corona was of undiminished strength ; 
after 30 minutes it was searcely weaker. It will be seen below that nuclei so 
obtained are as persistent as any other kind, and may be traced 15 or 25 hours 
after shaking. They cannot, therefore, be gasolene globules, which would vanish 
instantly, but rather (at first sight) the residual solute of a dilute solution. The 
examination of water, however, in which both solid and gaseous solutes were 
tested, showed that they are concentrated solutions and that they persist in view of 
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the occurrence of peculiar conditions of equilibrium. (Cf. Chapter V, $$ 44, 47, 
48, or, below, § 30.) , 

13. Benzine. Spontaneous nucleation—The main occurrences have already 
been given. With air nuclei (s = .50, d = .0029 em., and larger), the coronas may 
be removed in two exhaustions. Spontaneous nucleation does not occur. A clean 
vessel examined an hour later was still clean; examined next day, it remained so. 

14. Coronas and axial color—-The following table is an example of the 
occurrence of strong axial color, all the more noteworthy as the diameter of the 
vessel was only 25 cm. The occurrence of the initial fog in the upper half of 
the vessel is rare, but the nuclei came from a sulphur flame. 


TABLE 4.—BEHAVIOR OF SULPHUR NUCLEI IN BENZINE VAPOR. 
GLOBE, 23 cm. IN DIAMETER. EXHAUSTION, 76-59 cm. 








Exhaustion No. Time Coronas. Axial colors.! 
| / 
° Agm Nucleation -—— 
I 44 Fog in wpper hemisphere only 
2 45 Fog | Bl-gr 
3 46 ete | Gr-yl 
4 47 ie Prp 
5 48 | Olive-gr Viol 
6 49 White, red | Gr-y] 
7 | 50 ? | i 
8 51 ? Prp 
9 52 ? Gr-yl 
10 53 | Normal coronas | Wilk? 
It 54 a“ “ ‘ss 
T2 55 | “ce ee ea 
Etc. 


1 Abbreviations as in table 2. 


15. Petroleum. Coronas and axial colors—The behavior of petroleum pre- 
sents a wide divergence from the preceding instances of very volatile hydrocarbons. 
A full series of coronas is producible, in every respect like those for water as to 
color sequences, though nothing can be stated as to the relative size of the nuclei in 
action. The axial colors show a like succession, though naturally they are weaker, 
from the small quantity of vapor available. For the same reason the coronas are, 
as a rule, larger than those of water obtained under like conditions. 

Petroleum is not free from a tendency to produce stratified coronas ; the tables 
show that annuli, differently colored above and below their centers, soon occur, and 
that the interferences met with on shaking the liquid cannot be avoided if annular 
coronas are wanted. 
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TABLE 5.-CORONAS IN PETROLEUM VAPOR. EXHAUSTION, 76-59 cm. PUNK 
NUCLEL GLOBE, 23 cm. IN DIAMETER. FIRST SERIES. DIAMETER OF 
DROPLETS, @ IN em. 








No. | Time. Corona.' No. | Time. Corona. d¢(cm.) 





























o | 35” | Nucleation 18 | 54 | Wh, rd, gr Next day : Coronas 
1 | 37 | Gray, tawny, bl flame|] 19 | 55 | Wh, br, bl, gr absent in each of 
2 38 | Or,bl flame 20 | 56 Regular coronas, @ =.0010 five exhaustions 
3/ 39 | Ra“ “ 22 ‘ os =.oo1o || Shaken: Five ex- 
4| 40 | Shaken. Bl-gr 23 s < =.0009 haustions do not 
5 | 41 | Yl-gr 24 £ =.0010 remove corona 

6 2 | Gr-yl 25 = 5 =.oo11 || After 2": Vessel 
7 | 43 | Shaken. Gr-yl 26 - by =.0012 again free from 
8 | 44 | Wh, or-rd, gr 27 : e =,0014 coronas ' 
9} 45 | Wh, prp, gr 28 ca 3 =.0014 || Ten _exhaustions 
10 | 46 | Wh = (distorted) 29 as = =.0014 De ROARSEE 
II 47 ee Apple-gr 30 | 69 a =.0014 eS not quite per- 
12 4 -gr 31 . =.0015 ect 
13. | 49 | Wh, or-rd, gr 32 Faint =.0019 
14] 50 | Wh, cr, gr 33 a 
15 | 51 | YI, gr, br 36 ig =.0019 
16 | 52 | Gr-yl, bl, rd 40 os =.0019 





17| 53 Wh, rd, gr — Sealed up for next day 





! Abbreviations as in table 2. 


TABLE 6.—CORONAS IN PETROLEUM VAPOR. AIR NUCLEI. EXHAUSTION, 
76-59 cm. DIAMETER OF DROPLETS, @ IN cm. 

















ee eo e Series I. No Series I. Exnaiion Series I. 

I Yl, or, rd Gr-yl 20 — 39 
2 “faint a 21 oe 40 |d =.00144 
3 Wh, rd sh Normal 22 —— 41 

4 - “distorted 23 Shaken d@=.o011 42 — 

5 “ @=.0013 | Greenish 24 43° |d =.0018 
6 i. = 25 = d=.oo11 44 |d =.0019 
7 ~ Shaken 26 % =.0011 45‘ |d@ =.0022 
8 “ o 27 “ec = 

9 “oe oe 28 

10 e @=,00r7)|'\—— 29 = = 

11 i — 30 

12 “ ae 31 “ = 

13 “ fe 32 “ = 

14 Very faint —- 33° a 

15  @=.0018 | —— 34 Ee 

16 “  @=.0018 | — 35 -_—— 

17 Etc, —— 36 

18 — 37° d =.00144 

19 — | 38 ad =.00144 








' Waited 30". ° Waited go™. 8 Waited 4o™. 4 Waited 3". 
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TABLE 7.—CORONAS IN PETROLEUM VAPOR. PUNK NUCLEI. EXHAUSTIONS 
76-59 cm. DIAMETER OF DROPLETS, @ IN cm. NEW FILTER. 














Exhaustion No. ‘Time. Corona, Exhaustion No. | Time, Corona, 
a : I 
I 35 Nucleation 14 BA Wh, prp 
tre ddis . | { Wh, prp 
2 30.5 Gray, reddish 15 56 ) Wh a 
> “ oe % 
3 38 : | 16 57-5 Wh, gr 
4 39-5 Bl-gr | 17 59 Normal coronas 
5 41 Yi-gr' | 18 60.5 d =.0013 
6 42.5 Gr-yl Ii 19 62 @ =.0012 
7 44 Yl, rd } 2 63-5 
8 45-5 Wh, or-rd | 2 65 - 
9 47 Wh, prp 22 66.5 == 
10 | 48.5 heer | 23 68 —: 
11 5° | Gr 24 69.5 @=.0018 
12 51.5 | Gr-yl | 25 71 d@d =.0014' 
13 53 Wh, rd 
| 
' Shaken, ® Trregular. 


TABLE 8.—CORONAS IN PETROLEUM VAPOR. SULPHUR NUCLEI. EXHAUS- 
TIONS, 76-59 cm. DIAMETER OF DROPLETS, ¢@ IN cm. NEW FILTER. 











Exhaustion No. Time. Corona. Exhaustion No. Time. Corona. 

I Bom Nucleation 13 54-5 Wh, prp 

2 39 Fog, uniform 14 56 | Gr 

3 40.5 5s 15 57:55." |.Gt 

4 41 “reddish 1 16 59 | Gr-yl 

5 42.5 e . 17 60.5 | Wh, rd, irregular 
6 44 e ze: 18 62 |) Mljaxd 

7 45-5 Bl-gr 19 63.5 | Wh, prp 

8 47 Gr (shaken) 20 65 Gr 

9 | 48.5 Gr-yl 21 66.5 Gr, rd 
10 50 | Yl, rd 22 68 Coronas 

II Sie Yi, rd 23 69.5 d =.0012 
12 53 Wh, prp 24 | Le @ =0013 























1 Successive coronas too faint and fleeting for measurement. 


A feature of these experiments is the result that mere exhaustion is almost 
powerless to clear the vessel of nuclei. ‘Thus, in table 6, 40 exhaustions do not 
suffice (though the effect is doubtless counteracted by the shaking applied), so that 
any imperfection in the filter is at once fatal. Even air nuclei, in table 6, are apt 
to persist indefinitely, unless long lapses of time intervene between the exhaustions. 
Consequently, in tables 6, 7, and 8, the observations were repeated with a new 
conical filter 40 cm. long and of compressed cotton. The coronas in this case are 
somewhat smaller in diameter, showing fewer nuclei and larger particles, but their 
persistence nevertheless remains a striking feature. 

16. Spontaneous nuclei, ete—The nuclei vanish completely on the lapse of 
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time, as shown in table 5. Hence, anything in the nature of spontaneous nuclea- 
tion does not occur. 

Nuclei produced by shaking, though removable with difliculty on exhaustion, 
come out after the lapse of one or two hours. Probably the accession of liquid due 
to each exhaustion is too small to materially affect the rate of subsidence, a circum- 
stance suggested by the large coronas. The early decay of nuclei produced by 
shaking is an indication of the absence of foreign material in solution. 

Benzol.—In case of this re-agent it will be expedient to describe the phenomena 
more at length than was done for the preceding liquids. 

17. Coronas.—When sulphur or other nuclei are put into the globe containing 
benzol vapor, the result is peculiar. Instead of distributing themselves homogene- 
ously throughout the receiver, they usually collect in a heavy band near the 
bottom. This is invisible until revealed by the first exhaustion, when a heavy 
sluggish fog-bank is seen, only a few centimeters high. After violently shaking 
the benzol in the receiver, strong coronas gradually show themselves in the succes- 
sive exhaustions. They are always of the normal type, however, being white cen- 
tered and gradually narrowing to a vanishing diameter, as the nuclei are more and 
more precipitated. Without shaking, the coronas are soon distorted again, evidencing 
as in the case of gasolene, etc., a marked tendency to stratification, Out of this 
confusion, normal coronas may be regained at any time while the nucleation lasts, 
and the droplets produced by shaking can have but a secondary influence on the 
main phenomenon. Careful inspection of the experiment during exhaustion shows 
that the earlier coronas are flashed through; but the normal type alone persists, the 
whole indicating drops of large size. A vanishing corona after exhaustion expands 
and clears. 

18. Banked fogs—The most curious feature in connection with benzol, as 
well as the preceding liquids, is the subsidence of the invisible nucleated air imme- 
diately after influx and without exhaustion. It is not necessary to load the nucleus 
by special exhaustion. This experiment recalls in some respects the very slow 
subsidence of clay particles in pure water, and its almost tempestuous descent in 
ether and similar liquids; but it is more probable that the nucleus loads itself with 
a definite amount of liquid invisibly and without supersaturation, and that the suc- 
ceeding arrangement of strata is gravitational, the nucleated air being heaviest. 
The subject will be fully treated in the next chapter. 

19. Diffusion of nuclei—Another feature easily observed with benzol, is the 
apparent issue of nuclei from the liquid, already referred to. Supposing the air in 
the receiver to have been practically freed from nuclei, good coronas will appear in 
5 minutes within the lower third of the globe, while the upper two-thirds is still quite 
clear. A single exhaustion will usually throw them out again. After 20 minutes 
waiting the vessel is quite full of nuclei, and the coronas found are perfect through- 
out. Several exhaustions are needed to clear the vessel. At the surface of 
demarcation the coronas are campanulate, showing that the particles are graded, 
with the smallest uppermost, either from evaporation or from belated precipitation. 
Eventually the coronas return to the annular form, compatible with the uniform dis- 
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tribution of nuclei, and reach a maximum diameter, from which they slowly decrease 
indefinitely. Violent agitation (shaking) of the vessel and contents diminishes the 
number of nuclei to a fixed minimum. The vessel is thus partially cleansed by mere 
shaking. The following are a few data: 


TABLE 9.—SIZES OF CORONAS IN BENZOL VAPOR. EXHAUSTION, 76-58 cm. 
VESSEL, 23 cm. IN DIAMETER. GONIOMETER RADIUS, 20.1 cm. DIAME- 
TER OF DROPLETS, @IN cm. d= .00144/s. 











Experiment. s | Coronal | d 
aperture 

em. | cm. 
First 62 | reas! || 0023 } 

er “0025 } a a fi roe st 
Later Eee Ao 6 a || eo ppaneny span tects (resi 
After 45" 7 Bo 86! 56 ) dual) nuclei 

| 

60 Ta, A! .0024 Shaken once 

.40 tr. 9 36 “twice 

0 Li 9: 36 “3, times 

+45 I 18 32 f A 

+40 T oh 36 5 

-45 TipeTtO) 32 es 6 ee 








Thus, the white center of the corona originally exceeds 2° in diameter, while 
the coronas left after shaking is somewhat over 1° in diameter. If s is the chord 
subtended by the aperture on the goniometer, the diameter of the particles are 
found from d = 1.44 10> 3/s, and the large size indicates that relatively few were 
present. For reasons given above (Chapter IIT, $$ 4, 5), the absolute number of 
particles cannot be found. 

The semi-annular coronas with sharp horizontal demarcation make it possible 
to measure the speed of diffusion of the nuclei upward. As shown in the figure, 
the source of the nuclei is a couche very near the surface of the lake, a, (Chapter 
III, Fig. 2), and the vessel is left without interference for different lengths of time. 
Using the globe 23 em, in diameter, with a lake of benzol about 10 em. in diame- 
ter, the rise (roughly estimated) was about 1/3 of the height in 5", 1/2 in 10, and 
3/4, the full height, in 18". The rates would therefore be .03, .02, .02 centims. per 
second, respectively. The experiment repeated with fresh benzol showed similar 
results. After purifying the vessel and waiting 2 hours, a magnificent multi- 
annular corona (an evidence of exceptional homogeneity) showed itself, but van- 
ished too soon for measurement. Cleaning and waiting for an additional half hour, 
s = .52, d= .0028 em. was found. The following data were now investigated for 
the rate at which these apparently spontaneous nuclei diffuse upward : 


Time elapsed, 5" Rise, 7 cm. 
10" gem. 
Toe 13cm. 


20" 17 cm. 
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The last three data show a uniform rate of about .014 em./sec. The first 
datum corresponds to a larger rate (.023 em./sec.), meaning, probably, that the 
initial couche was not sufficiently lowered. The results are furthermore in accord 
with a rate of diffusion independent of the shape of the vessel. (Cf. Chapter VI.) 

20. Repetition—The occurrence of apparently spontaneous nucleation in 
benzol and not in the other liquids, induced me to investigate the origin of these 
particles again, using the more perfect filter already described. Beginning with 
ar nuclei, the results were: 


Exhaustion No., I 2 3 4 5 6 
Corona, Strong. Weaker. Vanishing. Absent. Absent. Absent. 


After 36 minutes this cleaned charge was again tested, but no coronas were in 
evidence. Hence, nuclei were not spontaneously produced. The experiment was 
carefully repeated later in the day, with the same results. The vessel, examined 
next day, showed, nevertheless, that nuclei had arisen from somewhere during the 
night. They were removed in two exhaustions. It was thus necessary to add new 
tests, with a specially cleaned vessel and long waiting (15-20 hours) between the 
experiments. These finally placed the absence of spontaneous nucleation in benzol 
beyond a doubt. What does occur is the diffusion of the residual band overlooked 
on exhaustion, and brooding immediately over the liquid surface. Thus a fine 
sheet of fog, due to air nuclei near the surface of the liquid, will diffuse sufficiently 
in 30 minutes to produce a full corona on exhaustion, and 5-10 exhaustions may 
be required to remove the nuclei. 

21. Shaken nuclei—The following incidental example of the persistence of 
the nuclei produced by shaking benzol may be inserted here for comparison. The 
subject will be examined at length below with other apparatus: 


m 


Lapse of time after shaking, 5 Corona, strong 


m 


44 strong 
30" strong 
60" distinct 
180" distinct 
150 absent 


These nuclei are not as remarkably persistent as the cases examined below, 
but they cannot be particles of pure liquid, as this would instantly evaporate. 

22. Toluol.—This liquid behaves similarly to benzol. The following table 
contains results showing the coronas produced by air nuclei on exhaustions from 
76 to 60 ems. : 


Campanulate semi-coronas 
Faint oval coronas 
“annular coronas 


“ “ “ 


Exhaustion, 


Coronas vanishing 
“absent 


“ “ee 
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Even with air nuclei, therefore, the first corona is a campanulate form, indicat- 
ing strongly graded nucleation. After continued precipitation the grading is wiped 
out, and the coronas become nearly regular until they vanish. 

The nuclei produced by shaking toluol were found to persist in experiments 
lasting 10 minutes, 150 minutes, and 240 minutes, respectively, with but negligible 
diminution of brilliancy in the coronas. 

23. Carbon disulphide.—In the given apparatus, in which rubber stoppers 
and tubes made an essential part, it was impossible to preserve this regent free from 
impurities in solution, even when the liquid is apparently kept in contact with glass 
only. To do this it would have been necessary to construct all parts of the appa- 
ratus of glass, which did not seem to be warranted, and which would have made it 
much less suitable for the general purposes of the present paragraph. Apart from 
this, the decomposition which the liquid itself undergoes in the light or on con- 
tinued evaporation, seems to be concerned, and any rubber tube through which the 
vapor has passed becomes nuclei-producing. With this reservation, carbon disul- 
phide produces nuclei spontaneously and in abundance, a property which makes an 
interesting special contribution to the subject. 

24. Coronas.—The removal of air nuclei is already peculiar, and is practically 
complete in a few exhaustions. Thus I found successively, 


Exhaustion No., I 2 3 4 5 
Corona, Full, s= .58 Semi-corona. Coronas nearly absent. 


The first corona is of the ordinary type and quite possibly due to spontaneous 
nuclei. The second is semi-circular, and the remaining coronas mere colored veils 
at the bottom of the vessel. On adding an excess of sulphur nuclei from the flame 
the display is again insignificant and curtailed to mere fogs, as the following table 
shows. 


TABLE 1o—PROPERTIES OF SULPHUR NUCLEI IN VAPOR OF CARBON 
DISULPHIDE. EXHAUSTION, 76-58 cm. 





Exhaustion No. Time. Corona. 
° Op oa Nucleation 
I 11.5 Sedimentary fog. Flask nearly clear 
2 13 “Rising 
3 14.5 Fog near bottom. Vessel now shaken 
4 16 2 of vessel fogged 
5 Te a5) 4 ine e “ 
6 19 Sedimentary fog 
“ “ 
y ae «“ «“ 











Hence, sulphur nuclei are ineffective, or have the usual property of brooding over 
the surface particularly pronounced. Thence they very slowly diffuse upward. 
The following table evidences an entirely similar behavior in relation to punk 


nuclei, 
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TABLE 11.—PROPERTIES OF NUCLEI IN VAPOR OF CARBON DISULPHIDE. 
EXHAUSTION, 76-58 cm. AIR NUCLEI 








Exhaustion No. Corona. 
I Strong irregular campanulate corona 
2 Quarter corona 
3 Eighth corona 
4 Nearly absent 


Punk Nuclei. 





| 


Fog stratum at bottom, about 3 cm. high 
o a “ ae “ o 


After shaking. Heavy coronal fog, 20 cm. high 
4 an Fog homogeneous. @=.oo11 cm. 
Full corona, thin above 
Half corona 
Third corona 
Etc. 





SAM LW DN = 





Here, as above, al] nuclei in vapor of carbon disulphide form a heavy stratum. 
Condensation seems to occur spontaneously without supersaturation, and the invisi- 
ble stratum of loaded nuclei at once seeks its density level, where it is found on 
exhaustion. 

25. Shaken nuclei—In contrast with this erratic behavior, the effects of 
shaking and the spontaneous generation of nuclei is particularly regular. Shaking 
heats the liquid, and a corona is liable to occur on the resulting efflux of vapor. 
This disturbance must be guarded against. The following table is a summary of 
observations with coronas due to nuclei obtained by vigorously shaking the liquid. 
Intense fogs are usually apparent on exhaustion. 


TABLE 12.—NUCLEI IN VAPOR OF CARBON DISULPHIDE DUE TO SHAKING 
THE LIQUID. EXHAUSTION, 76-58 cm. DIAMETER OF VESSEL, 23 cm. 





Exhaustion Coronas. | Coronas, Coronas. Coronas, 
No. First series. Second series. Third series. Fourth series. 
— _—$ |§ —$—$— ———_______—_ | —— a 
I Strong, persistent, full | Strong, full | Strong, full, 7= .oot8 Strong, full 
2 Absent Weaker. ¢@= .0014 | Half corona | Corona lyrate 
) Absent Vanishing Quarter corona Half corona 
4 Absent Eighth corona | Quarter corona 
5 ‘ ‘ 


| Etc. 
| 


In the first series the nuclei were easily removed; but this was not the case later, 
probably beeause the re-agent, after continued distillation, had concentrated the 
impurities. The semi-annular, quarter, and other coronas are indicative of an 
almost sudden passage from nucleated to pure air at the surface of demarcation. 
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The veil at the bottom of the flask effectually resists removal, as may be inferred 
from what has been stated. The first coronas are invariably full, strong, and 
“ foo] 
coarse, 
: ewe: ; 
The nuclei shaken out of the liquid are remarkably persistent ; as, for example : 


Time elapsed after shaking, Exhaustion 1. 2 
20" Intense fog and corona. — 
h m ‘ K 
3 1n2O Corona, s =.76, d=.0019 1/2 corona, ete. 


In the last instance, the corona has coalesced with the coronas of spontaneous 
nucleation, presently to be mentioned. In fact, the rise of coronas and their dif- 
fusion may be tested by exhaustion in the way stated above. Thus, a quarter 
corona will rise to a half corona in about 10 minutes. 

26. Spontancous nuclei—The distinctive feature of these experiments is thus 
the spontaneous production of nuclei in carbon disulphide vapor, and a number of 
examples of these occurrences are summarized in the following table: 


TABLE 13.—SPONTANEOUS NUCLEI FROM CARBON DISULPHIDE. 
PERFECT FILTER, CLEAR VESSEL. 











Lapse of | 
time, as 2 - oe rej? ae 
I d X 108 2 | 3 4 5-10 
35" || Large, coarse — | Half Quarter | Eighth ae Bottous ne 
[esa quite removable 

Hoes Vieilvof fog’sicm: high = ~— |= = aaa — 

5" 30 || Intense 1.20 | Half Quarter | Eighth | Film 
30 «(|| Fog 5 cm. high — | Film Film | Film Film 


1 o || Full, diffuse —- | 


15 © || Intense 1.31 | Half.d =.oot4 | Quarter | — -- 
2 40 || Fine 2.30 | } Corona }4 Corona) Film = | — 
Se Intense 1.44 | Half 4 Corona; — — 
3 © || Intense 1.85 | } Corona Abs.? | Abs. al 
| 
2 o'|| Intense 1.28 | Half | Third | Quarter | Film. 











Though the large filter and clean vessels were used, it was not feasible to quite 
remove the sedimentary fogs by exhaustion. The rise of fog is at first filmy, and 
never strong as arule. After one or more hours, however, the corona stands out 
full and coarse, and the graph shows that the diameter, s, of the corona, and with 
it the number of particles per cubic centim., increases in the lapse of time to a limit. 
Their diameter, ¢, decreases. 

When the vessel is left in a warm, sunlit room, @. ¢, when the evaporation is 
accelerated in full daylight, the maximum spontaneous nucleation is reached in a 
correspondingly shorter time, as the observation, a, of the coronal aperture shows. 
These incidental difficulties are further indicated in the general irregularity of the 
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graphs. If a smoother curve were obtainable, it would be useful for computation, 
When the stationary condition is reached, nuclei are lost at the boundary of the 
vessel at the same rate at which they are produced by the liquid. This process is 


hig. 3. 
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Fic. 3.—GRAPHS SHOWING THE INCREASE OF NUCLEATION OCCURRING SPONTANEOUSLY 
IN CS, VAPOR; s, CORONAL APERTURES IN THE LAPSE OF Hours; ¢, DIAMETERS OF PAR- 
TICLES (IN CENTIMETERS FOR IDENTICAL SUPERSATURATIONS) AFTER THE LAPSE OF HOuRS. 


exhaustive and may account for the maximum indicated by the curve. Experi- 
ments showed, however, that the curvature of Fig. 3 is exaggerated. 

27. Ethyl alcohol—The liquids treated throughout the above paragraphs 
were non-ionizing solvents; it is important to add, by way of contrast, the corre- 
sponding behavior of certain ionizing solvents, like the alcohols, acetone, and water. 
I was long under the impression that a sharp distinction could be drawn between 
the two classes of solvents, but the behavior of acetone does not bear out this 
surmise. Table 14 is an example of the coronal display in alcohol vapor. 
It is particularly to be noticed that, whereas color distortion does occur in the 
annuli of the coronas, there is no appreciable distortion of form. In this respect 
alcohol resembles water more than any re-agent examined. 

At high exhaustions and a small residue of nuclei, the occurrence of two kinds 
of condensation may be shown. The coronas due to the nuclei are the first to 
appear at relatively low exhaustions. At the high exhaustion (pressure-difference, 
24 em.) very large faint coronas are apt to be seen, and to appear suddenly, as if by 
collapse. The nuclei here are probably molecular, and it is not impossible that 
traces of water vapor, if present, may suffer condensation; but it is the succession 
of independent condensation to which I wish to advert. 

In both the present and the following experiments the final coronas are 
regular. This is also true of the coronas obtained from air nuclei in case of 
aleohol vapor. 
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TABLE 14.—BEHAVIOR OF PHOSPHORUS NUCLEI IN VAPOR OF 


Exhaustion No. 


Om AMR WN & 


oO 


10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
207 





ALCOHOL. EXHAUSTION, 76-59 cm. 


89 


ETHYL- 





Coronas, 


Fog colorless 
“rd edged 
Wh, cr 
“color distortion 
Gr, bl-gr 


Yl-gr ; fog rises from bottom ; much color distortion 


Wh, rd and wh, gr; annuli of different color above and below 


Wh, prp 

Wh, prp and wh, br 
Wh, prp and wh, gr 
Wh, gr and wh, rd 


Wh, br and wh, rd 
Wh, rd and wh, br 


Corona nearly normal and perfect 
oe “ec ““ ce “ 


“ “ “cc “cr ““c 


Axial color. ! 


viol 
Gr 
Yl 





' Axial colors very marked. 


2 Two hours later, small, perfect multiannular coronas are seen. 


28. Methyl alcohol—The coronas of methyl alcohol vapor resemble those of 
common absolute aleohol, but there is greater tendency to distortion of color and 


even of form. 


TABLE 15.—BEHAVIOR OF PHOSPHORUS NUCLEI IN VAPOR OF METHYL 


Exhaustion No. 


ON OMNBRWNH 


ALCOHOL. EXHAUSTION, 76-59 cm. 


Coronas. ! 


Colorless fog ; blue base 
i “rises from base 


Olive-green fog ; rises from base 
Ct “rises from red base 


Gr, red base 

Yl-gr, red base 

Yl, red base 

Misrds er 

Wh, cr 

Wh, rd and wh, gr 
Gr. Slight distortion 
Gr, rd and gr, bl 
Yi-gr, rd. Distortion 
Wh, rd 

Wh, rd and wh, br 
Distortion 

Gr 

Wh, prp 

Wh, prp and wh, br 
Coronas becoming regular * 


1 Axial colors not seen ; coronas very fleeting and not measurable. 


2? Examined next day, the residual nuclei produced small but fine multiannular coronas, 


The table shows that the remarks already made for aleohol may be repeated here. 
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The nuclei produced by shaking methyl aleohol were incidentally examined 
and found to persist over 30 minutes after shaking. The occurrence of traces of 
impurity is again to be inferred, for the results below will show that only in cases 
of absolute purity can the immediate decay of these nuclei be expected. 

29. Acetone.—This re-agent must be classed with the ionizing solvents, and 
yet the coronas obtained are identical in character with those peculiar to the non- 
ionizing solvents above. There is strong distortion of both form and color, as the 
following table of coronas shows: 


TABLE 16.—BEHAVIOR OF PHOSPHORUS NUCLEI IN ACETONE VAPOR. 
EXHAUSTION, 76-59 cm. PERIODS BETWEEN EXHAUSTIONS USUALLY 3”. 


Exhaustion No. Coronas. 


Wh, rd; subsides rapidly 
Wh, rd and wh, prp. Distortion 


te 


S$ 


3 Red below, blue bands above 

4 

5 Nuclei near bottom 

6 Corona below, rises as exhaustion proceeds, then at top 
7 Strata below 

8 Strata rise from bottom 

9 Strata only 5 cm. high 

Longer periods between exhaustions 

10 At 50", strata 7 cm. high 

It 65", fog 15-20 cm. high, corona nearly full 
12 73", fog 5-10 cm. high, faint 

13 Etc. 


One may note that when time is allowed for diffusion, the coronal pattern eventually 
becomes regular again, 

The coronas due to shaking persist as usual. Observations made 44" and 45™ 
after shaking, brought out strong, multi-annular forms. 

30. Water.—In the light of the above observations the corresponding behavior 
of water is brought forward with renewed interest. Water has the additional 
advantage of being less liable to contamination in apparatus of which rubber 
tubing is an essential part, than the hydrocarbon solvents. Aqueous solutions will 
therefore be treated at length in the next chapter. Here I will merely add certain 
results, not found in the same connection there, for completeness. 

If all precautions be taken to insure clean and new apparatus and appurte- 
nances and perfect filtration, the air above the water, if free from nuclei, remains so 
indefinitely. Spontaneous nucleation does not occur. One is liable to be led 
astray, however; thus a connection of rubber tubing through which vapor of 
carbon disulphide has passed, is an abundant source of nuclei for days after. 

If a clean vessel, free from nuclei and charged With pure water, is vigorously 
shaken so as to comminute the water, nuclei are produced in considerable quantity. 
But the nuclei are short lived, as seen from the following table: 
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TABLE 17.—NUCLEI DUE TO SHAKING PURE WATER. 


Time elapsed after shaking. Corona. 
ee All but absent 
6 “oe “ “ee 
“ee “ce “ 
2 “oe “ “e 
Bs “ec “ “ 
I Faint corona and rain. Not measurable. 
£5 Corona. d= .0028 
a Strong corona lasting 15 sec. 





The nuclei are nearly pure water globules, which speedily evaporate. 

Let a small quantity of sodic carbonate be added to the water. The result is 
a phenomenal increase in the persistence of the nuclei. Table 18 containing data 
obtained by shaking the solution shows this. 


TABLE 18.—NUCLEI DUE TO SHAKING A DILUTE SOLUTION OF 
SODIC CARBONATE. 


Time elapsed after shaking. Corona. 
Te Strong. ¢@ = .0029 cm. 
2 i 0025 
3 a .0045 
15 Just visible 
15 Absent 
ils Distinct and clear 


! Violent shaking. Initial apertures vary from 1.4°~2.0°, depending on the violence of shaking. 


The size and persistence depend on the violence of shaking, but coronas may still 
be obtained even after 15 hours. 

The body in solution in this case is a solid. One is liable to conclude that the 
persistent nucleus is the solid residue left after evaporation. This is not true. 
The nucleus, both here and in the above experiments with hydrocarbons, etc., is a 
concentrated solution. 

To decide the question as to the cause of the indefinite persistence of the 
nuclei produced by shaking, it is necessary to test a chemically dissolved gas, like 
H Clor H,N. Pure water was first taken and the evanescence of nuclei confirmed. 
Pure H Cl was now added in small quantity, and the following marked degree of 
persistence established : 


Je) 
bo 
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TABLE 19—NUCLEI DUE TO SHAKING DILUTE HYDROCHLORIC ACID. 








Time elapsed after shaking. Corona, 
ann Strong. d=.0025 cm. 
m “a 
10 
30" a 
Tee Distinct but weak 


Tested with pure water again, the fleeting coronas persisted somewhat longer 
(10 minutes), showing that traces of H Cl still lingered in the clean apparatus. 
On again adding H Cl, the above results were confirmed. 

Dilute ammonia was next tested in the same way. Great care had to be taken, 
even after the vessel was thoroughly cleaned, to remove the last traces of H Cl. 
When this was done, air free from nuclei remained so above dilute ammonia 
indefinitely. Spontaneous nucleation does not occur. On shaking, however, the 


ammonia nucleus behaved like the HCl or the NaCO, nucleus, showing long 
persistence. 


TABLE 20.—NUCLEI DUE TO SHAKING DILUTE AMMONIA. 











Time elapsed after shaking. Corona. 
gis Strong. d= .0030 cm. 
96 = d = .0032 





With these experiments, the indefinite persistence of the nuclei produced by 
shaking solutions, apart from the loss by diffusion, may be considered established, 


no matter what may be the original state of aggregation of the solute. It is next 
necessary to inquire into reasons. 





CHAPTER V. 
PROPERTIES OF THE NUCLEL PRODUCED BY SHAKING LIQUIDS. 
LN'TRODUCTION, 


1. Thermodynamic and electronic hypotheses.—W hen I first encountered the 
present kind of nucleation, the observation did not seem to me to be of much 
interest or the occurrences unexpected. It was not until I had satisfied myself of 
the extreme minuteness of the particles that I became convinced of their value as 
a means of elucidating the phenomenon of condensation. Clearly the importance 
of these nuclei is enhanced in proportion as the means by which they are produced 
are similar. Lenard,! as I afterwards found, had met them incidentally in connec- 
tion with his electrical investigations before, and treated them chiefly with reference 
to their bearing on those phenomena. 

I first endeavored to explain the persistence of the nuclei produced by shaking 
solutions, by pointing out that whereas the vapor pressure increases as the droplet 
grows smaller by evaporation, this pressure decreases again as the result of the con- 
tinued concentration of the evaporating droplet, until a state of equilibrium is 
reached. Afterwards, however, I was unable to look at this straightforward 
explanation without considerable misgiving, as it is not easy to agree that nuclei at 
the same time so small and so nearly of a size as to produce sharp coronas on pre- 
cipitation could be produced by a random process of the kind in question. Not 
enough is known, moreover, of the vapor pressure of such concentrated solutions as 
those with which the evaporation of the droplet terminates. 

From another point of view, it is not impossible that these nuclei may owe 
their persistence to the occurrence, for instance, of an ion within them. In other 
words, one may suppose that ions have been separated by the comminution due to 
violent shaking, or have been separately entrapped in the water nuclei observed. 
Again, the results of the investigations on the electricity produced by the attrition 
(if I may call it so) of water in falling (Lenard, /. c.), may have immediate relations 
to the present phenomenon of persistence. In short, the theoretical bearing of the 
experiments is not quite so simple as a first inspection had led me to infer. 

Considerations like these suggest an extended inquiry into the properties of 
nuclei produced by shaking very different solutions, and the present chapter is an 
endeavor to bring together a number of relevant data. The results show, I think, 
that the concentration hypothesis first mentioned has very powerful evidence in its 
favor, 

‘Lenard, Wied. Ann. xlvi, pp. 595-599, 1892, “ Blektricitat der Wasserfalle.”’ 
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2. Order of size of the nuclei.—It will conduce to clearness if a preliminary esti- 
mate of the order of size of the nuclei produced by the present method is inserted 
at the outset. They may be considered first with reference to the minimum time 
of subsidence, which would be admissible, if gravitational subsidence of nuclei 
oceurred at all. If the viscosity of the air through which the nuclei are supposed 
to fall be taken as .00019 (it will be seen below, that in relation to the actual size 
of the nucleus, the term viscosity no longer has any definite meaning), the sub- 
sidence equation reduces to 7 = 9.3 X 10>4)/v, centim. To fall about 15 centim. 
per hour, where 15 cm, is about half the diameter of the spherical receiver, the size 
of the particle would have to be about =58 x 10-6 em. Thus the following 
estimates may be assumed for reference : 


Time of falling out, 1” Radius of particle, » = .000058 cm. 
4 29 
16 14 
25 7 


Inasmuch as the nuclei obtained by shaking solutions may in some instances 
be found to persist over a day, they must be small as compared with the last datum. 
Apart from this, the coronas remain annular, until, with the total removal of 
nuclei, they fade from sight as a whole and regular figure. Hence there is here no 
evidence of subsidence whatever. Not only is this true, but the nuclei obtained 
by shaking solutions actually diffuse against gravity with a velocity which, in 
spite of the difficulties of measurement, is none the less characteristic and definite. 
Al fortiori, therefore, the particles here in question are very small as compared with 
10-6 centim., and it is from this point of view that the following results are to be 
understood. A corresponding estimate is given in paragraph 17. 

It is curious to note in passing that a rough estimate of the size of these nuclei 
made on the electronic hypothesis brings out a plausible result. Thus, if in case of 
the nuclei produced by shaking solutions, the excess of vapor pressure at a surface 
of radius, 7, be regarded as eventually equal to the electrical surface pressure ; if 
moreover, the nucleus is considered to be so constituted that a central electron 
forms a closed field with a charge (possibly due to friction) uniformly distributed 
over the surface of the nucleus, the equation may be written, 

a Tee ee 
OR Pith dal GB 
whence r* = ¢?/(16 7 Tp Kk’), where ¢ is an electron or 7/101° electrostatic units, 
7'the surface tension of water (81), the density of its vapor (.000017), A its 
specific inductive capacity (80), From this follows the radius of the nucleus, 
r= 4.5 x 10-7, which, in the light of other values to be derived inferentially 
below, seems not to be an unreasonable estimate; but one must note that if in 
solutions 7} p, A are all increased, 73 is correspondingly decreased, 

3. Apparatus. Methods.—The experiments themselves are sufficiently simple 
and roughly satisfactory with the exception of one element, the method of shaking, 
which has not yet been brought under control. In figure 1, 2 is the spherical 
receiver, about 33 em. in diameter, at the bottom of which is placed the solution, 
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. Ride: Bee rp : . 
S, to be examined. A definite volume, say 500 cub. em., is necessary. The receives 
has two outlets provided with stop-cocks, and a third, g, leading to the vacuum 
gauge. The outlet leading to /’ is the filtering arrangement; the outlet, Z ¢, is 
the avenue of sudden exhaustion, and therefore made of wide tubing, say 1 em. in 
diameter. 
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F1G, 1.—CONDENSATION CHAMBER, R; EXHAUSTION RESERVOIR, B, AND APPURTENANCES. SCALE §. 
Fic. 2.—Lamp, RECEIVER, AND GONIOMETER. DIAGRAM, 


The auxiliary flask, B, of about 1/3 the capacity of AA, is a reservoir for air at 
low pressure. It communicates with the jet pump (through a desiceator, if neces- 
sary) by the pipe p, with & through #, and with the external atmosphere for the 
adjustment of pressure, by the piped. The attached vacuum gauge is shown at 9’. 

Figure 2 is a plan in diagram of the apparatus for viewing and measuring the 
coronas, / being the receiver, G the goniometer, and Z, the source of light, at 
distances, respectively, 1 and 3 meters (not shown in figure) from the center of the 
receiver. The eye is at & Under these conditions the coronas may be measured 
in a darkened room with facility, though, of course, from the absence of sharp lines, 
not with great accuracy. The goniometer is of the kind deseribed in § 2, Chapter 
ITI, needle points at nn’! being adjusted and their distance apart pricked in paper. 

The method of work requires that A should be first freed from nuclei, by 
precipitation or aspiration, combined with filtration in the usual way, until the 
degree of exhaustion selected for the experiments is no longer accompanied by even 


96 THE STRUCTURE OF THE NUCLEUS. 


a trace of condensation. There must be neither coronas, no matter how faint, nor 
rain, All exhaustions are to be identical as to the pressure differences applied, 
unless special purposes are aimed at. 

The receiver is now vigorously shaken, by jerking it sharply up and down a 
definite number of times. A rotational swirl of the liquid contents is to be avoided, 
as the friction of the liquid upon itself and not the rush of liquor over the spherical 
sides of the receiver is efficient in producing the nuclei. It will be shown that the 
quantity of liquid contained, the violence of the agitation, the number of times 
shaking is repeated, 7. ¢, the number of jerks, ete. all materially influence the 
result. There are, therefore, elements of vagueness inherent in the method, and at 
first sight they might be supposed to be fatal. The results show that this is not 
so, and that the utilization of the simple means for investigation has certain peculiar 
advantages which make it desirable to carry the method through before investigat- 
ing more determinate methods of agitation. It is presumable, however, that a 
scattering spray may be so installed as to yield a definite maximum of nucleation ; 
but thus far this has not been attempted. 

At specified times after shaking, the coronas are produced and measured. 
Expeditious manipulation of the goniometer is here frequently necessary, and it is 
for this reason that the form of goniometer already described has been used 
throughout. 

Filtered air is then introduced through #’ into #. Usually an intermediate 
exhaustion is necessary to clear the air of nuclei, and must always be applied as a 
test. When the coronas are large, a certain number of the nuclei escape precipita- 
tion. After shaking again, the experiment is repeated under the same or modified 
conditions. 

4.  Tibulated results.—The results are given in the following series of tables, 
in which the first columns contain the percentage of dry salt or acid in solution. 
The second columns show the amount of partial exhaustion, by giving the pressure 
decrement below atmospheric pressure at which the corona is observed. The third 
columns contain the time elapsed in minutes, after shaking ; the fourth, the number 
of times the receiver was jerked up and down to generate the nuclei. 

The columns under s are the diameters of the coronas subtended at the end of 
the arm of the goniometer, here 30 cm, long, so that s/30 is chord of the aperture 
of the corona in any given case, for distances one and three meters, respectively, of 
the goniometer and light from the center of the receiver. The most satisfactory 
method of standardization is a direct comparison with lyeopodium spores, of 
diameter .0032 cm. These showed at different distances from the goniometer, if 
the positions of the latter and the light are fixed at 4 meters apart, and if so is the 
chord in question, 


-95 meters §9 = 1.00 cm, 
1.00 1.00 
1.05 -95 
1.00 95 


1,00 95 
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whence s, = .97 cm. may be taken as the mean result, at the anterior and posterior 
tangent planes of the receiver, 1.05 and .95 meters, respectively. Hence, since 
Sy x .0082'= sd, d= .0031/s em., from which the columns under d, showing the 
diameters of the coronal particles, are computed. As a rule the diffracting water 
globules of the coronas are about as large as Lycopodium spores, the supersaturation 
being high and the number of nuclei relatively few. 

The columns marked » contain the nucleation, ¢. ¢., the number of particles 
generated by shaking, per cub. cm. These are computed from d and the total 
amount of precipitation per unit of volume, as set forth in § 6. 

A number of miscellaneous data contained in the tables will explain them- 
selves. Thus dn/dt are the time rates at which the nuclei vanish, or the decrement 
of the number per minute; dv/dS shows the average number generated in one 
shake or jerk up and down ; ete. 

A series of values of &, the absorption velocity, are finally added from compu- 
tations given below. The meaning of & is as follows: It is supposed that the loss 
of nuclei in the lapse of time is due to their absorption at the walls of the spherical 
receiver (radius, = 15 em.). If this loss is a decrement from the contents of the 
receiver as a whole — (47 R*/3) (dn/dt) = hk 47R2 n, whence 


in, LO my 3ht (loge)/R, 


and it is therefore sufficiently approximate to write, 4 = 11.5(¢ logn/ét). As the 
results are inevitably crude, very little confidence can be felt in the minor variations 
of &, these being introduced by differences in shaking. The order of values 
obtained, however, presents a wide sweep and is of great interest. 


TABLE 1.—PROPERTIES OF NUCLEI DUE TO SHAKING DILUTE SOLUTIONS 
OF HCl; RECEIVER 3 METERS FROM LIGHT AND 1t METER FROM 
GONIOMETER; ARM OF SAME 30cm. d=.0031/s. 
































| | 
: IN 7 : 4 
% HCl Pressure diff. | ppeee. | meas s See n ee hk 
oe ——— = = 
Cm. of Hg min. cm. 
2.9 % 8 o-1 10 1.10 28 31 23 
12 | 1.05 30 41 27 
HOOr 5. || 16 1.05 30 55 29 
n= 56 20 | | 1.00 31 59 31 
10 1.07 209 55 20 
12 | 1.07 29 43 27 
8 | 1.10 28 31 23 
4 1.20. 26 19 18 
= 2 = = = ——— — 

16 o-1 10 | 95 33 40 31 
6 12 1.10 28 46 28 
8 1.00 | ei | 23 25 
n= 45 8 r.10° 28 31 25 
4 1.30 24 24 | 26 
8 140° 22 63) es 
| 12 1.30 24 77 28 

| 16 1.00 aI 41 3m il 








! Faint corona, forms gradually. * Violent shaking. 
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TABLE 1.— Continued 








Observed, 
dX 104, 


dX 10# 


Lapse of | No. of times 
computed. 


time. shaken. 








' Faint but marked coronas. 


TABLE 2—NUCLEI DUE TO SHAKING PURE WATER (FOLLOWING WORK 


Remarks. 


Pure but 
following 
dilute 
HCl in 
apparatus 

n= 47 


Same 
A= 5° 


Pressure diff. 


Cm. of Hg 
16 
20 
16 
12 
8 


4 


12 
16 
20 


16 


16 
16 


WITH HCl). d@=.0031/s. 


Lapse of | No. of times Observed, 
time. shaken. dX 104, 


min. 
o-!I 12 
o-I —_ 


O=I {2 





15 —_— .60 52 10 
120 — 55h 56 (?)8 -062 


' Tested for absence of nuclei before shaking. * Corona faint but marked. * Faint and fleeting. 
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TABLE 2.—Continued. 
Remarks. | Pressure diff. Tapse.of | No. of times $ Observed, 1 | 4x 108 k 
time. shaken. dX 104, : computed, 
Cm of Ig min. em. 
16 O=I == -go 34 34 
16 o-1 Sd 95 33 4o 
| at ,| ravers (ees 
Pure water 16 o-1 10 87 36 31 | 
following 16 o-1 10 .85 36 2 | 
_ preceding | 
ie | | 
pure water +6 5 | ta ee ys 6 2 eee aes 
| é 
16 3 | 10 .68' 40 15 | 128 
M32 16 17 10 Absent oad a | 
16 o-I 10 — "90 34 34 
16 o-t 10 —— 90 34 34 | 
fe E cs j c : | 
Following the work with Na, SO, 
Pure water; 16 o-1 —— 10 1.25 25 ig2 
thrice 16 o-1 — ie25 2 | 92 
rinsed 16 o-1 — hues 27 71 
| 
16 15 10 Absent cal = a= - 40 
; at 
n= 85 5 Absent = = 
2 50 62 6 6.7 
ae : = 
Fresh 16 ° — 10 .78 40 22 | 
water 16 cad 84 By 28 
n= 26 16 —— .83 37 27 
j an 
Same 16 I 10 .40 77 3 pam e 1.08 
n= 26 16 I 40 78 3 1.08 
10 2 +35 89 2 04 
Same next 16 ° — 10 T.00 31 | 47 
day ° _— 1.00 3I | 47 
n= Az, ° — 1.00 31 47 | 
Fresh 16 ° — 10 Teg 28 62 
water 16 ae 1.10 28 62 
n= 57 16 ao 1.00 31 47 











must be rare. 





1 Very faint and fleeting. 
2 Nearly absent. 
Cause of these relatively large results not discerne 


d, but from the effect of traces of impurity the smallest results 
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TABLE 3.— PROPERTIES OF NUCLEI DUE TO SHAKING SODIC CHLORIDE, 


















t S 
; 6p | : : 3 
® NaCl : .~ | Lapse of | No, of times 
Pressure diff. ate: haven: 
Cm, of Hg min 
2 16 o-1 
16 o-I 
2 16 20 
2=175 16 68 
16 163 
————— eS eae 
2 8 o-T 
4 
n= 175 8 
12 
16 
2 16 o-1 











No. of times 
shaken. 


Lapse of 
time. 





‘ 
104 X@d=i6.4 
14.2 
11.2 
14.2 
16.4 
18.0 
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at pe TABLE 4.—Continued. 
; 


Successive precipitation (complete subsidence each time). 


ney a 
- ae 


















































weswreait, | Tapegt [Nevottimes| | sox | 
min, cm, 
o-1 10 2.90 11 208 
2.10 15 213 
.70 44 12 
Absent ° 
Absent ° | | 
o-! 10 1.84 17 143 
faint .7 44 8 5 
Absent ° 
Onn 10 2.90 11 268 
| 1.20 26 190 
Absent | ° 
Absent ° : 
1 
o-1 IoC 2.85 rt 254 
1.80 17 64 
SOue, 39 6 
Absent ° 
o-1 10 3.10 10 149 
2.60 12 88 
2.10 15 . 56 
1.10 20 7 
Absent = ° 
Absent — ° 
o-1I 10 1.80 17 2H 
2025 14 530 
2.28 14 557 
o-I 10 2.70 Vi 453 
2.70 Ti 453 
100 ro 1,60 19 fe ers +0430 
at 
: | 
o-I 10 1.60 19 193 
. 1.50 21 158 
| 2.00 5 | 376 
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TABLE 5.—PROPERTIES OF NUCLEI DUE TO SHAKING FERRIC CHLORIDE. 














¢ FeCl, | Pressure diff. | Lapse of time. poe aie s e 
— esis 
Cm, of Hg Oe 

2 16 1.8 274 

n= 234 16 5 158 

500% | 16 1.8 274 

z 8 2.05 198 

16 1.790 231 

5 16 435 

2000°° 16 435 
n= 435 

| — a nl 

5 16 1.55 17 

500° 16 1.60 193 
n= 184 















No. of times 
shaken. 


Lapse of 
time. 














’ After subsiding at 4 cm. without shaking. 
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ee 1 
| , 
Se NN ORS | Flic dtioe | Am (ER og 
min. \ cm. | 
o-1 10 1.65 19 211 
Tis50 21 158 
1.68 18 223 | 
54 T.20 26 81 1.6 .086 " 
151 “95 33 4o | -053 a 
o-1 10 1.20 26 81 | a 
- | ; 
| 22 T.15 27 71 AG. | .030 
TABLE 8.—PROPERTIES OF NUCLEI OF CALCIC NITRATE. . 
ai, ay 
%Ca2NO, Pressure diff. deere ore tniss s n eee k 
z f, 
Cm. of Hg min. cm, a 
Tr.4 16 Cat 10 To75 252 © 
500° 16 1.78 265 " 
n = 256 16 eIc75 252 
.O14 16 Ox 10 1.15 71 7 
500°° 16 1.25 92 
i= 87, 16 125 92 
.O14 16 I 10 1.25 92 -39 .0216 ey 
16 75 1.10 63 d 
.OOT4 16 o-1 10 1.05 55 ‘ 
500°° 16 TiLo 63 
n= 6 16 Deve 66 : 
6 6 6 i 
.OO14 iL 16 7 _ 10 -65 13 63 -I101 
' -O0OI14 16 o-I 10 1.05 55 
500° 16 Oat 1.15 71 
= 63 
.OOO14 16 5 79 16 9-4 1.38 
17 Absent =O) 
32 Nearly 
absent es 
Repetition 
1.4 16 o-1 10 1.87 307 
nh = 250 _1.70 231 
1.65 Pay i 


1.4 16 126 10 1.28 99 1.20 -037 
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TABLE 9.—PROPERTIES OF NUCLEI DUE TO SHAKING DILUTE ALUM 
SOLUTIONS. 


@ K,SO, 
Al,3SO, 9 | 


Lapse of No. of times 


Pressure diff. time. shaken. 











TABLE 10—PROPERTIES OF NUCLEI DUE TO SHAKING DILUTE SOLUTIONS 
OF AMMONIC NITRATE. 











%H,N NO; Pressure diff. Time elapsed. Beatie 
Cm. of Hg min. 
2 o-I 
500° 
n= 192 
2 
.02 
50°° 
.02 
500% 
n= 129 
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3LE 11—PROPERTIES OF NUCLEI DUE TO SHAKING DILUTE SODIC 
SULPHATE SOLUTION. 




























































































‘ F No, of times an 
Pressure diff. Time elapsed. ehalken s n i k 
Cm. of Hg min. em. 
16 o-1 10 2.08 423° 
16 ; 2.20 512 
16 : 2.08 423 
4 Onl 10 2.80 242 
4 "1.60 45. 
4 absent ° 
16 absent o 
16 ; 110 1.24 go 3.3 .074 
16 o-1 -10- I 40 129 
16 F105 71 
16 I 40 129 
. 16 29 10 105 54 1.9 p22 
—— i = 
16 o-I 10 1,00 47 
16 97 43 
16 1.04 3 
16 5 10 .50 5-9 10 2.08 
16 5 10 50 59 2.08 
z} 
Repeated some days later. 
16 ° 10 175 252 
1.70 2311 
1.50 159 
16 ° 10 2.00 376 
: 2.22 516 
210 435 
16 40 10 1.60 193 6.2 0.103 
al | 
Two days later. 
16 ° 10 1.55 175 
° 1.75 251 
° 195 348 ; 
° 1.95 348 


4 





1 Successive exhaustion without refilling. 








a 


: 
r 
‘ 
4 


= lS ct OE anne li et heed One ine 
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TABLE 12.—PROPERTIES OF NUCLEI DUE TO SHAKING DILUTE POTASSIC 
Mihi tue SOLUTIONS. 














Pressure diff. Time elapsed. n = [rime ctapsea.| Nejoftimes| 5 | | dm | a k 
Cm. o Hg min, 
298 
200 
274 
| 274 
i 10 - 1,30 103 1.79 .057 
1,20 8r 2.05 
02 16 o-I 10 145 143 
n= 143 1.45 143 
1.45 143 
02 16 23 10 1.20 81 2.7 127 
88 1.28 99 -50 -018 


TABLE 13 —PROPERTIES OF NUCLEI FROM DILUTE SOLUTIONS OF SODIC 





PHOSPHATE. 
% Na, PO, Pressure diff. ‘Time elapsed. Notes o 
Cm. of Hg min. cm. 
.86 16 o-1 10 155 
1.75 
n= 195 1.50 
86 16 69 10 1.20 1.65 -064 





TABLE 14.—PROPERTIES OF NUCLEI FROM DILUTE SOLUTIONS OF HYDRO- 
CHLORIC ACID (rrEesH SAMPLES’). 


No. of 
times 
shaken. 


Time 


Pressure diff. | 
elapsed. 








' Difficulties from spontaneous nucleation due to traces of impurities in the pipes. 
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TABLE 14.—Continued. 
















































































ae No. of 
. Time we dn 
% HC) Pressure diff, elapsed. nue s n =e k 
Cm, of Hg min, cm. a | 
.005 16 ° 10 1.47 149 
nu — 140 Tey 121 
1.47 149 
005 16 48 Lo 37 12K -40 .0152 
-000,05 16 fo) 10 1.28 99 
1.22 86 
B= ois 1,20 St 
E15 71 
-000,05 16 2 10 70 16 34. 202 
655 8 US. 
21 ? .60 10 Bu } «50 
Properties of nuclei from solutions, HCl. 
1322 16 ° 10 1.45 143 
1.40 129 
m= 140 1207) 96 
1.60 193 
B12 16 6 1.20 81 -450 
20 Te 15 92 Deh -104 
64 -95 40 1.6 -098 
TABLE 15.—PROPERTIES OF NUCLEI DUE TO SHAKING DILUTE SULPHURIC ACID. 
: No. of | dn 
: Time oe aes : == 
GH, /SO, Pressure diff. elapsed: canes s n Fi b 
Cm. of Hg min cm. 
65 16 o-1 10 1.82 284 
500° 16 1.50 157 
215 = 2 16 1.63 204 
Same 16 54 Io 1.50 158 1.05 .028 
———k 
16 o-| 10 1.50 157 
.0026 1.35 ETS 
m= 127 1.33 110 
) -0026 16 42 10 1.14 69 1.4 .072 
Pure water 16 Orn 10 1.00 47 























ay 
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TABLE 16.—PROPERTIES OF NUCLEI DUE TO SHAKING DILUTE CANE- 
SUGAR SOLUTIONS. 
P ain, Time Bee | k 
#S a essure diff. : imes s 
¥ Sugar ress | elapsed. ae | 
Cm, of Hg | min. cm, 
2 16 o-1 10 TAs 
500° 16 1.30 
n= 157 16 1.60 
2 | 16 45 10 1.00 -133 
.02 16 o-1 10 1.08 
500° 16 1.00 
a=5! 16 1.00 
02 16 46 10 .60* 77 
16 18 10 .60 -209 





* Nearly absent, vague. 


TABLE 17.—PROPERTIES OF NUCLEI FROM DILUTE GLUCOSE SOLUTIONS. 





: * Time 
% Glucose. Pressure diff. elapsed. 
Cm. of Hg 
1.6 16 
n= 150 
1.6 16 
.016 16° 
n= 50 
.106 16 








No. of | om : 
times n } = 
shaken. dt 
158 | 
143 
149 
32 3.1 +205 
54 1.6 083 
4o 2.2 -126 
50 
54 
47 
29 | 4.2 -54 
8 | 7.0 1.53 


TABLE 18.— PROPERTIES OF NUCLEI 
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OF THK 


SOLUTIONS. 


NUCLEUS. 
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DUE TO SHAKING DILUTE GLYCERINE 
































= Se 
4 Glycerine P liff Time he e as 
y. fe ressure diff, elapsed, oe s n = oe b 
shaken. 
Cm. of Hg | min, cm, 
2.6 16 Cr 10 1.12 66 
500° 16 1:35 116 
m= 95 16 1.20 81 | 
16 1.35 116 | 
2.6 16 fit) 10 Absent ° 1.10 
8 .7O 16 9.9 
.026 16 ° 10 1.00 47 
500° Pals 71 
n= 49 85 2 
.026 16 4 10 55 8 10.3 2.3 














TABLE 19.—PROPERTIES OF NUCLEI FROM DILUTE SOLUTIONS OF UREA. 














% Urea. Pressure diff. | Time elapsed. oe ee ’ n — k 
‘ 
Cm. of Hg min. | cm. 
2 16 fe) 10 eats 116 
i = 107 127 96 
(ae 92 
| ag 
2 16 14 10 75 20 6.2 .60 
23 95 40 2.9 = 2 
79 55 8 1.3 16 
2 16 ° 10 1.30 103 
1.40 129 


























TABLE 20.—PROPERTIES OF NUCLEI FROM DILUTE 
TARTARIC ACID. 


SOLUTIONS OF 





an 





a Pee’ Pressure diff. | Time elapsed. Boa 5 n es k 
Cm. of Hg min. cm. 
2 16 ° LO 1.30 103 
i= 020 1.40 129 | 
1.45 143 
1.40 129 
| 
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TABLE 20.—Continued. 








5 | 
« Tartaric | 
acid, 


No. of times 


Pressure diff. shaken. 


Time elapsed, 











.0002 16 80 
40 


' Note the slow decrease in s and the persistence of nuclei. They all vanish in a single exhaustion, showing 
large dimensions. 


TABLE 21.—PROPERTIES OF NUCLEI OF WATER, FOLLOWED BY A DILUTE 
SOLUTION OF ALCOHOL IN THE GIVEN WATER. 





% Alcohol. Pressure diff. | Time elapsed. Ne ot 5 n = * 
Cm. of Hg min, cm. cm. cm/min. 
) 16 ° 10 1.05 55 


n= 55 ° 115 55 
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PROPERTIES OF NUCLEI DUE TO SHAKING DILUTE SOLUTIONS 
OF NAPHTHALENE IN BENZOL. 


1 





















































2 Time No. of times di 
eee elapsed. shaken, = an -= h 
Cm, of Hg min, cm. 
16 ° 10 vee 71 
Tins 71 
1.15 71 
16 10 10 1.10 62 1.6 72 
23 Lats 68 “44 -058 
3° 1,08 59 -63 .O4T 
16 ° 10 1.08 59 
° 1.30 103 
1 ° 1.25 92 
| 
16 169 10 1.10 62 0.18 -0099 
oO 10 1.35 116 
° 1.25 92 
° 1.25 92 
16 300 10 = 2505 40 18 | -O13I 
880 1.00 47 -052 -0035 
| 
16 ° T.15 na 
° 35) 116 
° 1.20 8 
16 ° 10 Del. ZO 81 7 
160 67 10 1.00 47 61 .046 
16 ° 10 133), j=) B10 
° 1.20: 8r 
16 186 10 1.02 50 +20 -O150 
.02 16 on 10 Te22 85 
n= 78 ° 1.15 71 








1 Very sharp and decided. Multiannular; s very constant as compared with water. 
* » is computed as if the solvent were water. 
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TABLE 22.—Continued. 





Time No. of times 





¥ 2 
Naphthalene. Presre ae elapsed. shaken. 3 
Cm. of Hg min. cm. 
None 16 10 10 105 
n= 78 Toli7 5 
| | 1.20 : 
a | a 
None 16 89 10 1.05 54 
185 1.00 47 
Distilled 16 | ° 10 1.37 121 
benzol ° ae > 1.10 62 
n = 82 ° 1.10 62 
- 16 249 10 60 10 





* n is computed as if the solvent were water. 


TABLE 23—PROPERTIES OF NUCLEI PRODUCED BY SHAKING DILUTE 
SOLUTIONS OF PARAFFINE IN BENZOL. ALSO OF BENZINE. 


Time No. of times 


Pressure diff. elapsed. shaken. 


Cm. of Hg 
160 










n=72 


None 


' Strong corona, as in case of naphthalene, paraffine, etc., in benzol. 
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REMARKS ON THE RESULTS, 


For convenience in discussion the methods of computation to be employed 
a . . . : . o , wae z i 
will be fully indicated in case of the first of the solvents, which happens to be 








Fics. 3, 3'.— DIAMETER OF CLOUD PARTICLES (cm/to*) AND SUPERSATURATION FOR HCl, 

Fic. 4.—NuMBER OF PARTICLES GENERATED WITH INCREASED SHAKING OF HCl. 

Fic. 5.—NuMBER OF PARTICLES LosT IN THE LAprse or Minutes FoR HCl. 

Fic. 6.—DIAMETER OF CLOUD PARTICLES (CM/10%) AND SUPERSATURATION FOR WATER. 

Fic. 6'.—NuMBER OF PartricLes Lost IN THE LAPSE OF MINUTES FOR WATER. 

Fic. 7.—DIAMETER OF CLOUD PARTICLES (cM/10%) AND SUPERSATURATION FOR NaCl, 

Fic. 8.—NUuMBER OF PARTICLES LosT IN THE LAPSE OF MINUTES FOR NaCl. 

Fic. 8’.—NuMBER OF PARTICLES GENERATED WITH INCREASED SHAKING FOR NaCl. 

FIG. 9.—DIAMETER OF CLOUD PARTICLES (cm/10*) AND SUPERSATURATION FOR CaCl. 

Fic. g'.—-NUMBER OF ParTICLES Lost IN THE LApsE OF MINUTES FOR CaCl. 

Fic, 10.—NUMBER OF PARTICLES PRECIPITATED WITH EACH EXHAUSTION OFIPRESSURE DECREMENT 6 fp =2 CM., 
FoR CaCl. 

Fic. 11.—NuMBER OF PARTICLES LosT IN THE LAPSE OF MINUTES FoR CaCl. BULKS 500 AND 1000 CUB. CM., 
RESPECTIVELY. 


hydrochloric acid. They will then be briefly referred to in case of the remaining 
solvents. 
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5. Hydrochloric acid. Concentration. Supersaturation.—The two concentra- 
tions of 3% and 6 % used show results which, as seen in figures 3 and 3’, need 
a detailed investigation to interpret them. The effect of pressure difference is 
much more marked and irregular in case of the 6 % than in case of the 3 % solutions. 
Since the operation of shaking can be only roughly controlled, the endeavor must 
be made to smooth the data by theory. 

The pressure effect can easily be explained, as the particles will be larger and 
the coronas smaller for the greater pressure differences, in view of greater super- 
saturation. Since the number, 7, of nuclei is fixed for a given intensity of shaking, 
if m be the mass of water precipitated per cub. cm., the equation is 2d*n/6 = m, 
or d = 3 6 m/xn, where m vanishes with the pressure difference. 

6. Number of particles—To determine m, the equation for the constant 
entropy, S, of the mixture in the ratio of #/(1 — «) of vapor and liquid, 

S= Clne +ar/o, 
where C is the specific heat of the liquid, 6 its absolute temperature, 7 its latent 
heat of evaporation, may be used. Initially (before exhaustion), a= 1 and since 
C= 1 nearly, the conditions before and after exhaustion may be determined. The 
equation if solved for the ensuing 2’, becomes 


Cua 5 G + In sy 
4 and 4’ being the initial and final temperatures, ete. If p and p’ be the corre- 
sponding pressures, the adiabatic equation 
; ’ a-v/y 25s 
oC) ee 
may be assumed as a first approximation, Furthermore, if 6 = 273° + 20° and 
p = 76 be generally taken as the point of departure, y = 1.41 and (y — 1)/y =.29, 
6' = 293( p'/76)™ 
After allowing for the heat due to condensation as shown above (Chapter II, 
$$ 16 et seq.), the following data approximately express the grams of water con- 
densed per cub, cm, of saturated air at 20°, for the different sudden falls of pressure 
from 76 cm. : 


I 


Pressure difference, p= 4 8 12 16 20 24 cms., 
Precipitation, m X 108 = 17 36 55 73 92 111 grams. 


Consequently as @ varies as¥m, the character of the variation sought may be pre- 
dicted. The computation may be completed by finding » from the observations 
made at the pressure difference 6p = 16 or 6p = 20 cm., as these are obtained under 
the best conditions of measurement, the coronas being sharpest and least diffuse. 
With this determination the theoretical curve for d results. The reductions show 


that 
n = 64 s*m x 108 


and the mean results for the two series in question are 7 = 56 and n = 45, for the 
concentrations of 3% and 6% The individual data indicate that no stress can be 
placed on the differences between mean values of 7 thus obtained, 

It is now possible to compute the curves for d from d= .324 ym and 
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d = .348 4m, and the results are inscribed in table 1. So far as conclusions are 
concerned, it is quite as satisfactory to use the theoretical data n = 64 s3m x 108, 
and these results are also found in the table. 

Curiously enough, the irregular results of the 6 % solution agree better with 
this curve than the smoother results of the 8 % solution; but the reason, I think, is 
the quicker evaporation of the smaller particles (smaller pressure differences) into 
the larger particles in the case of the latter. The observed coronal apertures 
appear too small and the diameters of the particles (since sd = const.) are thus 
too large. Possibly the smaller nuclei may not be large enough to induce con- 
densation at the lower pressure differences, but there is evidence below, $ 17, 
against this supposition, 

The same result may be reached by consulting the column for 2. This num- 
ber is least for the smallest pressure differences, proving that here many of the 
particles have evaporated because of their small size. 

7. Lffect of intensity of shaking. —'The exhaustion being equivalent to a 


2 
3 


pressure decrement of 16 cm. throughout, m= 73 x 1078, whence n= 47 8’, 
nearly. If the graph of » varying with the number of shakes be constructed 
(figure 4), a curve of surprising smoothness is obtained, which is ultimately nearly 
linear. In other words, about 2.6 nuclei are produced each time the 500 cub. em, 
of HC] solution are vigorously jerked once up and down. This would make 130 
nuclei for 50 jerks. The actual number is about 160, owing to the accelerated 
action at the beginning of the experiment. 

If each nucleus represents an electron, or a charge of 2.38/10" coulombs, 
1.7 X 10 shakes would be needed to produce a coulomb per cub. em. of air, or 
5.6 X 108 shakes to produce an electrostatic unit in each cub. em. of the par- 
ticular quantity of air contained in the receiver. As this amounted to about 
14,000 cub. em., 4 x 104 shakes would be needed to set free an electrostatic unit 
within it. It will be shown presently, however, that the productivity in nuclei 
depends directly on the bulk of liquid subjected to shaking, and that the number 
of nuclei obtained in the example computed is abnormally small. Still the result 
that a very small quantity of electricity would be in question, in any case, is 
already apparent. 

8. Time losses—These nuclei gradually vanish in the lapse of time for reasons 
which can not be easily discerned, since they diffuse against gravity and subsidence 
is out of the question. There may be some species of decay or evaporation, or the 
nuclei may be absorbed on contact with the walls of the vessel in which they are 
contained. That nuclei are removable in the latter way is clear from the efficiency 
of precipitation when used for this purpose. The removal by evaporation should 
be an exceedingly rapid process, and, in fact, in the case of water, which is the 
liquid most easily kept pure, the nuclei are phenomenally fleeting. The nuclei 
from even very dilute and volatile solutions, however, often persist for over a day. 
They vanish not adventitiously, but in accordance with a definitely prescribed law, 
however difficult it may be to follow it. They vanish, moreover, most rapidly 
when the number of nuclei produced is least, and therefore the evanescence can not 
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be caused by any species of decay due to the interaction of the nuclei. In the light 
of all that follows it has seemed to me that the hypothesis of diffusion and loss at 
the walls of the vessel is in best agreement with the data as a whole, and the 
results are therefore interpreted from this point of view. (Cf. $ 2.) 

As the pressure decrement is 16 cm., the nucleation, x, may be computed, as 
already specified, from n = 47 s*. The results are given in table 1 and the chart, 
fizure 5. The time losses per minute are on the average about .19, so that over 5 
minutes would be needed to remove a single nucleus or over 6 hours to remove the 
initial number of 71 particles at the same rate. But as this rate is not generally 
even approximately constant, it is expedient to compute & as in the next paragraph. 

9. Absorption velocity.—It the loss of nuclei be due to their absorption at 
the boundary of the vessel with a velocity, /, so that £n nuclei are absorbed there 
per minute per square centim., supposing that a mere radial march of nuclei 
outward occurs, or that the drain of nuclei is from the content of the receiver as a 
whole, the nucleation will decrease exponentially. Briefly, 


n= n' . 3elt—e Wie 


where 2 and 7’ are the nucleations at the times ¢ and ¢, and where / is the radius 
(15 em.) of the spherical receiver. Combining the above results in pairs, the mean 
value & = .016 em/min. follows from the four available observations, with some dis: 
crepancy as the observations happen to conform closely to a straight line. The 
number thus obtained is from 600-1000 times smaller than the numbers found 
from similar hypotheses for the velocity of fresh phosphorus nuclei im air, From 
this one may infer in a general way that the nucleus in water vapor is a relatively 
large body as compared with the nucleus of the same origin in case of air. The 
phosphorus nucleus in the same receiver but under conditions of much denser 
nucleation showed / = .096 em/min., and thus the following data for the absorption 
velocity have appeared : 


Fresh phosphorus nuclei, in air, k= 43 cm/sec, 
Dense phosphorus nuclei in water vapor, .0016 
Sparse nuclei due to shaking dilute HCl, .00026 


results apparently due to successively larger diameters. But the last value of / is 
unusually low and rather in the nature of an inferior limit. Values five times larger 
(Cf. table 14) are not unusual with HCl, and in proportion as water is approached 
in very dilute solutions, the value of / may actually be as high as over one half 
the air value cited. 

10. Repetition — In a repetition of the experiments with HCl, the above 
exceptionally low values of ” and # were not again obtained. As seen in table 14, 
for a series of diluted solutions of .5 %, .005 % and .00005 4%, the constants approach 
very closely to the usual order of values for salt solutions. It is difficult in a vessel 
containing metallic parts, rubber tubing, ete., to escape the introduction of impurities 
from so corrosive a body, notwithstanding the caution naturally taken with the 
work. But the difference remains unexplained. 

Another peculiar feature met with in case of this volatile acid is the difficulty 
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of cleaning the apparatus free from nucleation, after the charge of strong HCl has 
been removed. Nuclei are thereafter spontaneously produced in the apparatus 
itself. Neither precipitation nor aspiration will remove them. They survive with 
undiminished intensity even after twenty-four hours. [f all parts of. the apparatus 
are washed out with flowing water, however, this nucleation usually disappears. It is 
probably due to traces of HCI, reacting on the sulphides produced from the rubber 
tubing through the intervention of metals. Curiously enough, these nuclei only 
diffuse into the neutral atmosphere above solutions; they do not appear in the 
acid atmosphere above the 8 % HCl solution, for example. 

The marked difference between the early and the later data for HCl leads 
one to expect that some occult or undiscovered influence is in action, ‘The same 
unaccountable displacement of data is met with again in the case of the dilute 
solutions of sodie sulphate, $$ 26, 27, below. In both cases, the data at a given 
time of observation are determinate. 

11. Pure water. Supersaturation.— Table 2 contains data for five samples of 
water, all of nominally the same degree of purity. The first experiments follow 
the work with HCl, and in spite of the rinsing and precipitations which the vessel 
had experienced, show the effect of lingering traces of HCl in the relatively per- 
sistent coronas. The second filling of water is strikingly pure by contrast. The 
third and fourth charges show similarly lingering traces of the sodic sulphate from 
the work which had preceded the experiments. The fifth charge is promiscuous. 
Other examples for water will be found below, § 35. The influence of traces 
found in this way is remarkable, and suggests the sensitiveness met with in electro- 
lytic phenomena. It recalls the impossibility of dealing with absolutely pure 
water in glass vessels. 

To determine the number of nuclei per cub. cm. in an average case, 
n = 64 ms? X10, and the data for pressure differences 16 and 20 em. are pref- 
erable. From these one may deduce, successively (since m = 73/10° and 92/108), 
n= 47 8? and n =59 s°, respectively. With these constants the pressure effects 
are easily computed, since d is now .34 gm. The results for d and n are sum- 
marized in the table, and the graph figure 6 smooths the observed data except, as 
usual, at low pressure differences, where, from the e raporation of water globules, 
the corona seen is too small, 

Similarly, the data for 7 at different pressure differences show too few particles 
at the lower exhaustions. 

12. Time losses—Computed as above from n= 47 Xs", the results are given 
in table 2 and the graphs, figure 6’. The feature of these results is the excessively 
small number of particles in action, often falling below 5 per cub. em., and the 
corresponding faintness of the coronal display. Measurements are mere estimates. 

Several interesting results need mention. The fleetness of the first series 
which followed the work with HCl is 1.6 particles per minute. In case of the 
purer water following, 6 particles vanish per minute. In series 8 (after sodic 
sulphate), 40 particles vanish per minute: in series 4, 23 particles vanish per 
minute. ‘There is no immediate correspondence here between the size of the 
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corona and its fleetness in vanishing; and this will be seen to be frequently the 
ease in the experiments with salt solutions. Usually, however, small coronas 
vanish more rapidly, under otherwise like conditions. 

The enormous rapidity with which the nuclei vanish in case of pure water 
needs no further comment. Mere standing of the water in the receiver may at 
times increase the persistence of coronas. 

18. Sodie chloride. Supersaturation— Four measurements (table 3) made 
at 6p == 16cem., are available for standardization; viz., 8 = 1.65, 1.55, 1.55, 1.40, from 
which » = 47x s* = 211, 175, 175, 129. Here as elsewhere a gradual diminution 
of the number of nuclei is apparent, and it is possible that at the outset some 
unknown source of nuclei is still active. 

To compute the sizes of the particles, the equation now becomes d= .2229m, 
and the corresponding graph is seen in figure 7. 

14. Vime losses— Though the results are not smooth, the loss will not exceed 
.3 particle per minute. C7. figure 8. 

15. kyfect of shaking.— The results here are again pronounced and indicate 
the most fertile cause of difficulties in the present investigation. The productivity 
is much in excess of the early datum for HCl, being as high as 10-30 particles 
per jerk, corresponding to the larger coronas resulting. Cf. figure 8’. 

16. Caleic chloride. Supersaturation. Time losses—The coronal diameters 
accompanying the normal pressure decrements of 16 cm. were, successively, 1.70, 
1.75, 1.75, 1.70, 1.70. The average number of particles is thus, 7 = 47s° or about 
240. From this the range of diameters for the other pressure differences is com- 
puted and the results given in table 4 and the graph, figure 9. 

The coefficient in case of the time losses is 1.3 particles per minute. 

17. Minimum pressure decrement (supersaturation) for complete precipitation, 
—The second part of the table contains results with a new bearing, showing that 
if particles are completely precipitated at a low pressure decrement, by repeated 
exhaustion, they will also be absent at the higher pressure decrements. In other 
words, the nuclei may be completely precipitated out at pressures falling suddenly 
to less than 2 em. below the atmospheric pressure. This affords a means of esti- 
mating a superior limit for the size of the nuclei. Table 4 shows the number of 
nuclei surviving from the same initial shaking, after each of the successive 
exhaustions specified, pure filtered air being supplied between the operations. As 
a rule, two exhaustions are needed to completely remove the nuclei, even if care 
be taken to wait for the subsidence of each fog. It follows, therefore, that 
evaporation occurs abundantly, and at the moderately low pressure decrements, 
about one half the nuclei escape by shifting their load. At the lowest pressure 
decrements (2 em.) four exhaustions were required and the mean rate here is 
about 48 particles dropped per exhaustion, or less than one third the total number, 
If persistence were due to a retardation of exhaustion, this would not be the charae- 
ter of the phenomenon. ‘The present result, moreover, agrees with the data com- 
puted for the size of particles, /, at the lower pressure decrements, the coronas 
observed being too small. 
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For slight partial exhaustions, therefore, an increasingly greater number of 
particles escape precipitation by evaporating their loads as far as the persistent 
nuclear stage. The repeated precipitation at these low pressure decrements (allow- 
ing each fog to subside) nevertheless quite removes the nuclei, as is shown by the 
tests subsequently made by applying large pressure decrements, | 

Assuming that 6 = 2 em, are needed for condensation, the size of the nucleus 
may be estimated by the approximate method of computation, explained elsewhere, 
the equation being 

Died: 
pe RO (on 170-1)? 
where condensation takes place for the small pressure decrement 6p at the pressure 
p and the absolute temperature @. If in this equation 6 = 293°, p = 76cem., 7’= 80, 
i? = 4.6 x 106 for water vapor, 
P= lS 10=6 ems 

which should be an inferior limit. This result agrees with the order of quantities 
estimated in § 2; but as the value of the surface tension, 7} accepted is certainly 
too large for such excessively small particles as the nuclei, 7 must lie indefinitely 
below 10-® em. 

18. Lffect of concentration and of bulk. Time losses. —The third part of the 
table 4 contains data for solutions of half the preceding strength. Furthermore 
solutions of double the preceding bulk as well as the usual bulk (500 cub, em.) 
were shaken in like manner for comparison, 

The first important result is the effect of quantity. When 1000 cub. em, are 
shaken under otherwise like conditions, fully twice as many nuclei are produced 
as for the case of 500 cub. em. It would appear from this that the nuclei arise in 
the water itself. Practically as well as theoretically this observation deserves 
attention. Cf. figure 11. 

As usual, the number of nuclei produced at half the usual pressure decrement 
(6p = 8 cm. instead of 16 cm.), is somewhat smaller on the average. 

The time coefficient for this doubled bulk of liquid is 6n/ 64 = —2.6, or about 
twice as large as for the other solution. But as the effect of the difference of 
concentration involved is insignificant (this is shown by all the cases below), and 
as the number of nuclei has been about doubled for the greater bulk, it follows 
that the time coefficients increase proportionally to the number of nuclei produced. 
This therefore is direct evidence in favor of the constancy of the absorption 
velocity, &. 

19. Ferrie chloride. Effect of concentration, bulk, etc.—The average number of 
nuclei produced in the normal case is 234, or about as many as in the preceding solu- 
tions (Cf. table 5). -Valency, therefore, can have no appreciable effect on the genera- 
tion of nuclei. The effect of pressure decrement is also like the above; fewer nuclei 
are entrapped by precipitation at the lower pressure decrements than at the higher. 

‘When the concentration is reduced one fourth the nucleation falls from 234 to 
184 so long as the same bulk (500 cub. em.) is in question. It is probable that the 


true decrease of nucleation is less than this. 
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When a volume of 2000 cub. em. is shaken (4 times the usual bulk), the 
number of nuclei is increased about 2.4 times. The nucleation here does not keep 
pace with the bulk—a circumstance which is in a measure explained because the 
large volume fills too much of the receiver and interferes with efficient shaking. 
It is well to note, however, that it is from experiments of this kind that the true 
relation of the absorption velocity, 4, to the nucleation, 7, is to be learned. 
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Fics, 12-13. —NUMBER OF PARTICLES ”, AND THEIR ABSORPTION VELOCITY, k, GENERATED BY SHAKING SO- 
LUTIONS OF DIFFERENT SOLUTES AND OF DIFFERENT LOGARITHMIC CONCENTRATIONS (LOG ¢.). 


20, Ferric nitrate. Concentration, supersaturation —The normal number of 
nuclei produced is 175 for the larger and 161 for the smaller concentration, the 
dilution being 1/10. Cf. table 6. The difference lies below the limits of error. 
Cf. figure 12. 

The effect of pressure decrement is also indecisive, and all nuclei are precipi- 
tated for pressure decrements of less than 4 em. 

The time coefficients for the two concentrations are not 
appreciably different. Dilutions of the order stated are thus negligible so far as 
the present method goes, 


91. Time losses. 
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22. Turbid aluminum nitrate. Concentration. Time lossés.—According to 
table 7, the nucleation is » = 197 for the larger concentration and n = 81 for the 
smaller, the dilution being again 1/10. This result is exceptionally large, recalling 
ferric chloride, which was also turbid. Cf. figure 12. / / 

The time coefficients show an equally pronounced difference in the two cases 
which, together with the preceding result, point out a change in passing from one 
solution to the other. In the light of the other tables, the discrepancy is probapiy 
not due to the concentrations, and one may suspect that some subtle effect of str- 
face tension is involved. 

23. Calcic nitrate. Concentration. Time losses.—The chief results (cf. figure 
13) aimed at in table 8, are the effects of dilution. The original nucleation is 
n = 256; for the dilution 1/100, x = 87; for the dilution 1/1000, x = 61; for the 
dilution 1/10,000, n= 68. It is to be suspected that in the last instance the 
impurities of the water itself mask further decrement, and yet such an inference is 
not warrantably safe. These experiments indicate the enormous dilution needed 
to bring out the true nature of the concentration effect. In most of the above 
instances the dilutions used are insufficient. 

The time coefficients are an equally interesting feature. They show further 
progressive change as dilution increases, even after the number of particles pro- 
duced has reached an inferior limit. Thus, whatever causes the solution, on 
indefinite dilution, to reach fixed conditions of nucleation is not able in the same 
degree to influence the persistence of the nuclei. This persistence is therefore to 
be associated with the residue of calcic nitrate left in the successive cases. 

24. Alum. Concentration. Time losses.—The effect of the dilution of 1/100 
is to decrease the nucleation over 50%. The time coefficients do not show this 
effect because the interval for which the second applies is too small as compared 
with the first. In such cases reference must be made to the rates, /. Of. figure 13. 

25. Ammonie nitrate. oncentration. Time Closses—The effect of the dilu- 
tion 1/100 is here about 383%. The time coefficients show corresponding varia- 
tions. Cf. figure 13. 

26. Sodic sulphate. Concentration. Time losses.—Three concentrations are 
given, the strengths being in the ratios of 1,.01,.0001. Cf. figure 14. The number 
of nuclei are respectively = 458, 110, 48. ‘These large numbers, appearing in 
spite of the small initial concentrations, are a feature of this body. The work was 
sufficiently often repeated to vouch for an unmistakable result; and yet the nuclea- 
tion is not stable in the lapse of time, as the repetitions at the end of table 11 attest. 

Time coefficients show the usual marked variations. 

Data in the first part of table 11 give evidence that the precipitation may be 
made complete for a pressure decrement of less than 4 cm. 

27. Repetitions.—Later experiments with the same solutions (marked “ Re- 
peated ” in table 11) did not reproduce the excessively high values of n, though 
they reappeared at the higher concentrations tested. The new x in the lapse of 
time showed a tendency to diminish in its turn. As was the case with HCl above, 
so here some occult influence must be invoked to account for the undeniable differ- 
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ence of behavior of the same solution at different times. The present solution 
seems to have properties just after it is made up which eventually vanish, 

28. Potassic sulphate. Concentration. Time losses.—The results in the 
main resemble the final experiments with sodic sulphate. Cf. figure 14. 
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FIGS. 14-15, —NUMBER OF PARTICLES ”, AND THEIR ABSORPTION VeLocrry, 4, GENERATED BY SHAKING So- 
LUTIONS OF DIFFERENT SOLUTES AND OF DIFFERENT LOGARITHMIC CONCENTRATIONS (LOG c.), 

Fic, 16,—NUCLEATION PRODUCED UNDER LIKE CONDITIONS OF SHAKING IN DIFFERENT SOLUTIONS OF THE 
SAME CONCENTRATION, 
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29. Sulphuric acid. Concentration. Time losses.—The results of table 15 
show no marked peculiarity. Acid and saline solutes, therefore, conform to the 
same general behavior. C7. figure 12. 


30. Sugars. Sucrose. Concentration. Time losses.— The following bodies, 
with the exception of tartaric acid, are neutral organic solutes dissolved in water, 
They are characterized by the common behavior (cf. figure 15) of producing fewer 
nuclei on the average than the saline and other solutes discussed above. The 
time coefficients are correspondingly large, and the nuclei, therefore, under the usual 
conditions very fleeting, in spite of the crystalline body in solution. Thus, the 
cane-sugar solutions of 2% and .02 % produce but 157 and 51 nuclei, respectively. 
The time coefficients are 2.5 and 1.2, showing that solutions of 1 % are already very 
fleeting as to nuclei. Thus, the presence of a solid solute is not a condition essen- 
tial to the phenomena of the present chapter; in other words, if the nuclei were 
mere solid residues all solutions of the same strength should behave alike. 

31. Glucose. Concentration. Time losses.—Glucose in table 17 (figure 15) 
behaves much like sucrose with the nuclei relatively even more fleeting. 

32. Glycerine. Condensation. Time losses.—This stable liquid is (figure 15) 
even weaker as source of nuclei than the sugars. The absorption velocities of 
glycerine and glucose compare with those of pure water. 

33. Urea. Concentration. Time losses —Table 19 shows that urea as a source 
of nuclei is weaker than sugar, with which it in other respects compares. Cf. figure 15. 

Results such as these prove, I think, that the hypothesis of the removal of the 
nuclei by diffusion and absorption is sound. Otherwise it would be difficult to 
state why the residue after the evaporation of the solvent becomes ineffective as : 
nucleus for condensation. 

34. Turtaric acid. Concentration. Time losses.—This solid organic body 
follows the usual rule of producing few nuclei; but, curiously enough, this number 
varies but little even when the solution has been diluted 10,000 times. CF. figure 15. 

The time coefficients give evidence of a similarly unexpected behavior, being 
actually smaller for the .02 % solution than for the 2 % solution. They moreover 
show a low order of absorption velocities for organic bodies, indicating the oceur- 
rence of nuclei, which are very remarkably persistent. 

35. Alcohol and pure water. Concentration. Time losses.—The addition of 
1.6 % of absolute alcohol to water reduces the number of nuclei generated by shak- 
ing. The effect is small; but one may suspect from this that the variations of 
surface tension have some bearing on the value of m. Thus the surface tension of 
the above saline solutions is larger than that of water and so is the nucleation 
observed. On the other hand, dilute alcoholic solutions, according to table 21, 
generate fewer nuclei on shaking to correspond with their reduced surface tension 
as compared with water. 

At the same time the aleoholized nuclei are clearly more persistent, for the 
value of & is definitely smaller for the solution even if the nuclei are all very 


fleeting. Cf. figure 17. 
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36. Naphthalene in benzol. Concentration. Time losses—These experiments 
introduce a new factor, as the solvent is not electrolyzing. From the absence of 
adequate data, 7 will have to be computed as if the solvent were water. Mere in- 
spection of the very strong and sharp coronas obtained, however, indicates the 
occurrence of a proportionately much larger number of particles than are met with 
in the experiments with aqueous solutions, and it is the precipitation of a greater 
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mass of liquid (m in the deductions of § 6) that accounts for the fact that only 
small and normal coronas are obtained. Cf. figure 17. 

Dilution with benzol in the ratio of 1/100 is not apparently effective, though 
it must be remembered that great difficulty is experienced in keeping hydro-carbon 
solvents pure. Even the influence of a complete absence of naphthalene is un- 
certain. The benzol itself furnishes about as many nuclei, 

The value of the absorption velocity, 4, is characteristic. In spite of the 
volatility of the solvent, the nuclei seem to be quite indefinitely persistent. The 
stronger solution corresponds to a somewhat smaller value of & than the diluted 
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solutions, but the difference is not far from the limits of observation. The graph 
shows the same result for pure benzol, ‘The intensity of the coronas even after 15 
hours, and their tendency to reach a fixed diameter, in the lapse of time, make it 
probable that the vapor pressure of naphthalene, however small, is the cause of this 
long maintenance of the supply of nuclei, and one may suspect that other bodies 
with strong odors and which show a tendency to slow sublimation, will be found 
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in like degree nuclei-producing, As a means of throwing further light on the 
nature of the nucleus, the present simple method of evolving nuclei spontaneously 
is worth attention. It is in this particular, chiefly, that an effect of naphthalene has 
been discerned, the original benzol otherwise showing, both in relation to ” and to 
k, data of a common order of values. 

In the case of these intense coronas in volatile solvents, at least three exhaus- 
tions are needed to free the air in the receiver of nuclei. The circumstances are 
particularly favorable to escape by evaporation. 

37. Paraffine in benzol. Concentration. Time losses.—The case of parafline 
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in benzol (table 23) is on the other hand very definite as regards the increment of 
n, due to concentration. Cf. figure 17, 

A curious result was incidentally obtained on admitting the air too rapidly 
through the filter by accident. Air nuclei were thus introduced simultaneously 
with the nuclei due to shaking. The exhaustion showed two groups of coronal 
particles interpenetrating and subsiding through each other, one group subsiding 
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relatively fast and showing intense coronas, the other, much more slowly with 
weaker coronas. In order that the two phenomena may preserve their identity 
throughout, it is necessary that one group of nuclei should regularly exceed the 
other in size, thus insuring earlier condensation on the larger particles. This occur: 
rence of interpenetrating subsidences was still observed in the next exhaustion, 
though more faintly. As precipitation proceeded three strata were visible, the 
upper corresponding to clear air, the lower two showing coronas of different size 
and intensity and different rates of subsidence. Both fog banks were capped by 
descending planes. This observation recalls the behavior of sulphur and punk 


nuclei in Chapter III, § 7. 
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The values of & for parattine are also in sharp contrast to those for naphthalene. 
After 15 hours, for instance, nearly all nuclei have vanished, a result which indi- 
cates that the phenomenal persistence of uuclei in the preceding experiment, after 
15 hours of waiting, must be regarded as referable to a sublimate from the naphtha- 
lene. Experiments with pure benzol were not made for this length of time. 

38. Benzine. Concentration. ‘Time losses. — Pure benzine (table 23) was 
tested to show the larger absorption velocities, /, in the absence of a solute. The 
rates do not, however, compare with those of water, from the difficulty (frequently 
stated) of keeping hydrocarbon solvents pure in an apparatus containing rubber 
tubing in any of its parts, even if not in contact with the solvent. Cf. figure 17. 

These relatively small values of # lead to an important ulterior deduction, viz., 
that an electrical influence on persistence due to the frictional effect of shaking 
need not be apprehended. There is quite as much reason why benzine as paraffine- 
benzol should evolve electrically persistent nuclei; for whatever charges are evolved 
are in like manner capable of being stored and distributed. And yet benzine fails 
while the other liquid is intensely active. 


SYSTEMATIC COMPARISON OF THE DATA. 


39. Dependence of the number of particles on the concentration of the solution. 
—It is next desirable to select mean values from the above data for comparison. 
The character of the variations of m with the concentration, c, of different solutes 
has not been identified. It does not depend on valency or molecular weight as is 
frequently the case with other constants holding under the same general relations, 
The powerful hygroscopic solutes show no exceptional behavior. The tendency 
of some of the solutes to crystallize with water of crystallization has left no mark in 
the results. Nor can any of the better-known electrical or similar constants of the 
solutions be associated with the variations of or & observed. Until some thread 
of this kind has been found it will therefore be necessary to proceed empirically. 

In tabulating the data for x it is advisable to refer them to a common con- 
centration, and the 1 % solution is a useful standard. The equation to be selected 
for this purpose is not easily found from the large discrepancies inevitably present 
in the data. Thus an equation like 2 = 1,10" where ¢ is the concentration and 
a constant would be roughly available, but probably too simple. By properly 
manipulating the graphs, the equation c= B 10°41" is found to be in reason- 
able accord with the properties of most of the curves and deserves trial. This 
may be further simplified by putting n, = 0, assuming that from absolutely pure 
water no nuclei of appreciable persistence could be produced by shaking. A trial 
ease for caleic nitrate may be shown, in which the first two observations are used 
to compute the constants because of their relatively much greater accuracy. 


(1) (2) 

a— Ole: n (observed) = 256 n (computed) = 256 n (computed) = 256 
.OOO14 87 87 87 
.000014 61 71 65 
.0O00014 63 62 52 
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The first values of 7 are computed from 7 = 30, A = 152.3, B = .0661; the second 
from the values, » = 0, dA = 263.6, B = .150. The latter equation, though 
simpler, is decidedly better, for the dilution of 1/106 can not be vouched for even 
in case of the best of pure water. 

The data for ¢ (grams of dry salt in 100 eub. em. of solution), n observed, 
B, A, as well as mo, (computed number of nuclei obtained by shaking a 1 % solu- 
tion) are all inserted in table 24. The table also contains the time rates or ratios 
of promiscuously distributed increments 6n/dt, the absorption velocities & in centims. 
per minute, at which the nuclei vanish, and other relevant matter. A number of 
graphs in x and & are shown in their relations to the logarithmic concentra- 
tion, log ¢, are given in figures 12-15. The need of a logarithmic abscissa should 
be noted. 

40. Mass action —An inspection of the data for 7 for the 1 @ solutions seems 
to reveal no relation to their molecular or equivalent weight, nor to any of their 
better-known electrical constants, as has already been intimated. If we except 
pure water and certain exceptional cases needing further interpretation, like the 
early data for HCl on the one hand and those of Na,SO, on the other, the mean 
number of nuclei produced from the saline series in 10 shakes is about 200 per 
cub, em., and this holds for a variety of salts of which the valencies of the metal 
involved vary largely. In general, therefore, the number of nuclei produced under 
like conditions is dependent on the mass of saline solute in solution. These facts 
are also illustrated by the graph figure 16, in which the abscissas are merely 
distributive and the ordinates show the values of x. 

The organic solutes and in particular the neutral bodies may be easily dis- 
tinguished from the salts as a separate class, the latter showing about one half the 
nuclei producing power of the former. 

The constants A and B have no obvious relation. In other words, the effect 
of dilution on 7 is sometimes marked, at other times negligible. 

41. Dependence of the absorption velocity on the concentration of the solution. 
—It will next be necessary to proceed with a somewhat similar deduction for the 
absorption velocity, # = —(2/8)(dn/ndt), so that kn nuclei are absorbed per 
minute per square centim. at the boundary. Figures 17, 18, and 19 will be of 
assistance to this end. <A relation between # and 7, apart from the solute, has not 
been made out. The relation of % to » is characterized by specific constants for 
each body, which in every case are of such a nature that 4 markedly increases 
while decreases, and particularly on approaching the very dilute solutions. C7. 
figures 12-15. Hence & begins to increase at enormously accelerated rates when 
the variations of m have subsided. This region is very near pure water, or occurs 
when the logarithmic concentration falls below log ¢e = — 8, or — 4. The recipro- 
cal relations of » and & are noteworthy. 

Low values of 2 and high values of & seem to be associated with the neutral 
organic solutes. In ease of tartarie acid, however, though 7 is small, the value of & 
is exceptionally high. If we take this as a type of acid organic solutes, the nuclei 
produced are remarkably persistent apart from cases of the very lowest dilution. 
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A few exceptional observations in the tables point out that some occult effect 
has escaped detection. Thus the earlier values of 7 for HCl are inexplicably low 
(n = 50) as compared with the later values (2 = 150). The earlier values of 
Na,SO, are on the other hand exceptionally high. As all observations were 
made in triplicate or even oftener, they are trustworthy. In both cases the later 
observations are normal values. 

TABLE 24—SUMMARY—AQUEOUS SOLUTIONS SHAKEN (JERKED) TEN TIMES. 
CONCHNDRATION, ¢= 8 16054/% NUCLEATION, 2=2,,6—-34/* A= 15. cm. 
BULK OF SOLUTION USUALLY 500%. 


(1) Inorganic Solutes. 




































































Solute dry. Sn, | enon Zs me | =o | A 
{|_ : =: — 
eet |e ea L | | 
% | cm/min. 
Water ri 37 = (x) | 32 
aor 32 | a 6. 1.47 
= 85! | 40. | 6.7 
a ay 23, 9.4 
HCl 3 56 | — | .19 016 
6 45 — 
HCl 3 140 | — 2. 10 
Another sample 3 134 | = 20 .085 
HCl 15 | 158 |. 274 169 i833 .06 
Another sample .005 140 717 4 .016 
.000,05 84 25. 2 
H,SO, 65 215 19 227 | TO5m. | 028 
.0026 127 745 1.4 .072 
NaCl 2 175 a as | .30 O14 
CaCl, 2 240 = | 242 1.3 .038 
242 a | P 
Bulk 1000 I | 456 | 2h .042 
FeCl, 2 234 3.3 206 | | 
5 184 518 | 
Bulk 2000°° a5 435 | | 
; 5 | 4 
Fe 3 NO, 1.2 175 | 3:8: % 10% 073 | 9 | .034 
12 161 | 2010 8 034 
| 
| 
Al 3 NO; | 1.2 197 .060 177 | 1.6 .067 
(Turbid) 12 81 138 | a | .030 




















1 Note the large 4 in spite of the exceptionally large 7. 
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TABLE 24—Continued, 
































= Le tration, Nucleation, 
Solute dry. a: ion c - | : 
4 | cem/min. 
Ca 2 NO; 14 256 15 -037 
Ol4 87 264 230) matt -021 
.OO14 61 S090 -100 
.COOT4 63 | 9.4 4 
Alum | 1.5 204 64 184 1.4 053 
| L015 gt 329 1.4 -110 
Na.SO, | 9 45° .040 487 3:3 074 
.009 110 29) 1.9 122 
.00009 48 10, 20 
| 
Na,SO, 38 214 — — —_ — 
Another sample 2.6 442 = | 6.2 104 








Cane sugar 2 157 182 | 120 1.0 133 
.02 ot aS 1.4 -193 








Grape sugar | 1.6 150 200 115 2.3 -138 
| 016 50 150 5.6 1.03 
. | | 
Glycerine | 2.6 95 3.5 79 9.9 1.10 
.026 49 202 } 10.3 2.3 
Eee Ss es ss ss 





Alcohol | ° | 55 | | (55) 













Tartaric acid 


| 

| 
| 23 4.8 
9 . 
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TABLE 24—Continued. 


(3) Other solvents than water 

















Solute dry. Concentration, Nucleation, | B | , | On ; 
| ¢ a A od ay; | : 
| 
p | | | 
5 em/min, 
Naphthalene in 2 go —- _ 2Onmne 037 
benzol .02 87 re 40 he 
None 78 | & 
| ui | | .20 -O17 
| 
| : = at |— 1 - | 
Distilled benzol ° 82 | | 29 O41 
a . | | 
Paraffine in benzol I 128 — — 20 ol 
| z ij 
ee | 
5 | | | 
Pure benzine ad 72 | a = 1.1 160 
SOA |e es. fos | 





SUMMARY AND INFERENCES. 


42. Values of the nucleation, n.—The number of nuclei generated under iden- 
tical conditions of agitation varies with the violence of the agitation and the bulk 
of solution used, and, from a theoretical point of view, particularly with the con- 
centration of the solution and its chemical nature to the extent of a discrimination 
between saline and neutral organic solutes. The first two factors indicate an origin 
of the nuclei within the liquid. So far as concentration alone goes, one may write, 
n=n, + A/(log B/c), where n is the number of nuclei produced per cub. em., 
under otherwise like conditions, x, the number in case of infinite dilution (water), 
¢ the concentration, and A and B constants. If absolutely pure water were avail- 
able, it is probable that 2) would vanish. The degrees of dilution effective recall 
the sensitiveness of electrolytic phenomena. For organic neutral solutes, the 
number of nuclei is not only smaller as a rule, but they are characteristically 
fleeting. 

So far as examined, solutions of the same class (saline or neutral), with the 
same mass of solute per cub. em. of solvent, generate about the same number of 
nuclei if identically agitated. 

43. Values of the absorption velocity, k.—A\M nuclei gradually vanish in the 
lapse of time, except in those cases where the solute produces nuclei spontaneously, 
as in the emanations from CS,, naphthalene, ete. But the rates of evanescence are 
very different. This evanescence of nuclei is not due to evaporation except in case 
of pure water. When the nuclei are fleeting, this quality must be otherwise ex- 
plained. From the marked diffusion of nuclei (Chapter VI), their dimensions 
must be comparable with molecular dimensions. Subsidence is out of the question. 
The nucleus is not large enough to admit of symmetrical molecular bombardment, 
and it is to the unilateral character of this bombardment that the nucleus owes its 


velocity. 
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If, as I interpret it, the loss of nuclei in the lapse of time is due to absorption 
at the solid walls of the spherical receiver, one may write for the absorption ve- 
locity, #, the equation 4 = — (#/8n) (dn/dt), meaning that Am molecules are ab- 
sorbed per square centim, per second, Computing / in this way (essentially as a 
logarithmic rate), one finds from all the saline solutions an important general 
result: for the case of solutions of a few per cent (1 to 3), & is of the order 
of .08 to .0O7 em/min., though varying from solute to solute; for the .01 per 
cent solutions, / is of the mean order of .08 em/min.; for the .0001 per cent solu- 
tions, & is of the order of about 1 to 2 em/min, For ordinary distilled water 
in glass vessels, / may reach over 5 em/min., ete. Specific data are given in 
table 24. Similar deductions may be made for the organic solvents (Cf. Chapter 
Vi $.19). 

It follows, therefore, in general, that not only does the number of nuclei pro- 
duced by shaking (ct. par.), increase with the concentration of the dilute solution, 
but the apparent rate of decay diminishes, 7. ¢., their absorption velocity decreases 
with the strength of the solution. For ordinary distilled water, these velocities, 
it referred to three dimensions, ave already beginning to approach the ionic veloci- 
ties. Again, as the number of nuclei, 7, is greater, they vanish more slowly, so that 
an apparent decay decreasing with the density of the nucleation is out of the ques- 
tion. The whole, therefore, constitutes an entirely new and striking confirmation 
of the isolated point of view taken throughout my work.’ 

44. The thermodynamic hypothesis —The inference is therefore tenable that 
the nuclei shaken out of stronger solutions are larger. These nuclei are produced 
by evaporation from a larger diameter, for the very dilute solutions must become 
more concentrated, and it follows that the dimensions at which evaporation ceases 
at the surface of a particle are larger for strouger than for weaker dilute solutions, 
Naturally, a given degree of concentration is reached in a larger globule in the 
former case as compared with the latter. The theory for the production of nuclei 
here in question is thus at hand. A particle of absolutely pure water, produced by 
shaking, will either vanish by complete evaporation, or it will grow and eventually 
vanish by subsidence. If, however, the evaporating globule is a solution, the in- 
crement of vapor pressure at a surface of increasing convexity will gradually be 
compensated by the decrement of vapor pressure due to the increasing concentra- 
tion of the solution. Hence, there must be a critical diameter at which the in- 
creased vapor pressure due to surface tension just counterbalances the decreased 
vapor pressure due to concentration, This is the stable diameter of the nucleus. 
A smaller particle will grow because the concentration effect supervenes ; a larger 
particle will evaporate because the effect of surface tension supervenes, 

In connection with the critical diameter, a critical density is also implied, 
which varies naturally with the diameter. Thus, in the more concentrated solu- 
tions, a lower density and larger diameter must occur than in the corresponding 
case of stability in the weaker solutions, If the particle is so small before evapo- 
ration that, compatibly with the given supersaturation (pressure decrement), the 


‘Cf. Experiments with Ionized Air, these contributions, p. 92, 1891. 
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critical density is not reached, it will escape precipitation on exhaustion, There is 
no direct evidence of such particles in the above research. 

The loaded nucleus during precipitation will also tend. to re-evaporate to its 
original nuclear size and density, and thus escape removal, For the stable diameter 
is conditioned solely by the amount of solute initially entrapped. It is from this 
point of view that the partial precipitations at the lower pressure decrements are 
to be explained. The above case of calcic chloride for pressure decrements of 2 
cm. may be cited. If it be supposed that all particles in evidence are precipi: 
tated, the succession is as follows, for a total of 800 particles ; 


Exhaustion, I 2 3 4 5 
Precipitation, 149 88 56 7 none 
Escape, 151 63 7 none 


The very slow subsidence of the small particles in these diffuse coronas vives 
exceptional opportunity for evaporation ; but all strong coronas, in spite of the 
more rapid precipitation which accompanies them, require more than one exhaus- 
tion to free the air of nuclei. 

In spite of this repeated partial precipitation, there is never any irregularity 
in the coronas, showing the characteristic rapid diffusion of the aqueous nucleus. 
It is common experience that the diffuse coronas for small pressure decrements 
form gradually. Probably, as a result of the evaporation in question, the shrink: 
ing coronal figure becomes more luminous. The strong, sharp coronas at high 
pressure decrements are formed at once. For some occult reason, early coronas 
are liable to be larger than later coronas, cet. par., a result appearing in many of 
the triplets above. 

45. Kquations for dilute solutions—The endeavor may be made to give these 
results a more definite form. Not much will be gained by this, for the chief 
desideratum is an experimental investigation of the vapor pressure of the more 
nearly concentrated solutions. The following group of equations will, therefore, 
fall short of meeting the actual conditions, though the estimates in $ 48 leave much 
of the question open. 

If p, and p,, be the vapor pressures corresponding to radii 7 and o, T the sur- 
face tension, p and o the density of the liquid solution and its vapor, Kelvin’s 


equation asserts, 





270 2T0 
D.—). = — — = === . nearly. 1 
Bae De peg. 7g Deo: (1) 


The present liquid is a solution and its vapor pressure, p,,, is thus below the normal 
value for the pure liquid. 

For the reasons stated in the last paragraph, it is conceivable that a state of 
equilibrium will be eventually reached in which drops large or small may all have 
the same vapor pressure, namely that of the free surface of the liquid, and that 
evaporation must therefore cease and the droplets persist, however small, In fact, 
after the lapse of time, equation (1) for a given droplet will be replaced by 
Qe nO; 

pr. 


} ! 


Dv — Pn = (2) 
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since the pressure, tension, size, and density of the droplet of solution have all 
changed by the partial evaporation of the drop. But as the more concentrated 
drop of radius 7’ now persists, p’ » = p,., the vapor pressure at the flat surface of the 
original solution. Hence 
' 5 lie ‘ 
Pa =Pox- 26 PEs (3) 

For the case in which a solid is dissolved, its mass remains fixed within each 
suspended drop of water. The case of a gas may be supposed to approximate to 
these conditions. Hence p’ may be expressed in terms of p, or 

p= 1+4(p— Ir2/r'8), 
whence finally, 
' ae 
Dp = 20 as (4) 

For dilute solutions, p = 1, nearly, or p'’, =p, — 267'/r'. If r’ = o, p', = pz, 
the vapor pressure at the flat surface. 

It will be seen that in p’ and 7” the original radius of the droplet is implicitly 
involved. If sp=p, —p'., and c=r3/7'3, equation (4) may be written: 
r= 26T'/((1 + (p— 1)e)ép). Tf 6p be expressed in terms of Raoult’s law, n/V 
and n/N’ being the original and final ratios of the number of molecules in solute 
and solvent and p,, = p, 

6p = p(n/N' — n/N)/1 4+ n/N’). 

Finally, in a law (7’= 83 4+ 187n/N) discovered empirically by Quincke! 
1’ = T+ 187 (n/M — n/N), where 7’is the initial and 7” the final surface ten- 
sion in dynes. Thus if (n/NV'— n/N) =a, 

; 20 T+187x ' 
(Fre 

This expresses the radius of the droplet in terms of the original and final ratios 
of the number of molecules of solute and solvent in solution. It does not, however, 
admit of any simple interpretation, and is, as a rule, liable to considerable or even 
fatal error, because the nuclear conditions are probably not reached until the solu- 
tion is too concentrated, In this case the usual laws of physical chemistry lose 
their meaning. Cf. § 48. 

46. Equations for concentrated solutions—A statement of the case is better 
made as follows, supposing the effect of solution in diminishing vapor pressure to 
be known, particularly in the region of concentrated solutions. Let 6p =f (0), 
Where 6p is the decrement of vapor pressure at the high concentration c, of the 
solution. Hence 

: 2) 2T0 
FG) SOR =D. = Mee 
nearly. This condition holds when evaporation ceases with the occurrence of a 
stable nucleus. Z'and p refer to pure water. 

If ¢ and c, be the original concentrations of two given dilute solutions; if ¢ 

and ¢’, be the concentrations after evaporation to the nuclear stage, and if the cor- 


" Cf. Winkelmann's /fandbuch. 
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responding radii be similarly accentuated ¢/co = 73/73 and Gh / Gh at r,3 
Lier : 5 , i 
where 7” and 7”, are the final radi. Hence, after reduction, since 
tf fans /ol8\ — 9 Tw — pl Hy Tatas 
PCC /) )= 2Lo Sr", Fe. 7, 3/1" 73): 
If the drops in both dilute solutions are initially, 7. ¢., immediately after shaking, of 


p=, 


the same average size, 7? =7,*, and the equation is thus a relation between 7’ and 
r',, the radii of the nuclei for the two given solutions. The results accentuate the 
need of observations on the vapor pressure of concentrated solutions. 

47. The mechanism generalized.—In connection with the simple mechanism of 
$ 44 for producing nuclei of a startling degree of smallness by mere shaking, nuclei 
which may or may not be without electrical charge, the question naturally arises 
whether the mechanism may not be sufficient to account for nuclei in the presence 
of saturated vapor, in general. 

Suppose, therefore, that such chemically powerful agencies as the X-rays or 
Becquerel rays, or ultra-violet light, or the electrie glow, ete, on being passed 
through a saturated vapor, produce in that vapor a new chemical synthesis, in 
degree however small (since the insignificant vapor pressure of a few hundred nuclei 
per cub, em. is alone in question), soluble in the liquid from which the vapor arises. 
Then immediately around the new molecule there will be a region of vanishing 
vapor pressure. The new molecule, whether it be ionized or not, will therefore 
grow by condensing vapor, until further growth is arrested by the increment of 
vapor pressure due to the preponderating surface tension which accompanies con- 
tinued dilution. In other words, the critical diameter is again reached, 

The relations here involved are peculiar and need a more detailed elucidation. 
If vapor pressure increases with increasing convexity, for capillary reasons, but 
eventually decreases again as 
a result of the concentration 
reached on evaporation, to a 
value nearly zero or at least be- 
low the normal vapor pressure 
at a flat surface, it follows that 
as the size of the drop continu- 
ally decreases the vapor pressure 
at its surface must pass through 
a maximum, The accompany- 
ing diagram, figure 20, is an 
attempt to represent the case 
graphically by making the vapor 
pressures the ordinates and the 
radi of the given droplet of so- Fic. 20: UCR BM SEO UNG REPeTrON es Va ee 

. ro THE RADIUS OF THE NUCLEUS FOR DIFFERENT STRENGTHS OF 
lution, the abscissas. The line 
ab indicates the normal vapor 
pressures. All particles whose sizes correspond to the abscissas between s and 6, 
therefore, evaporate in the lapse of time, those lying near the maximum 7m, fastest, 
those lying near s or 4 with proportionate slowness, while the latter are also lost by 








SOLUTION, 
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subsidence and may be dismissed from consideration. On the other hand, par- 
ticles whose radius is smaller than the abscissa corresponding to s, will grow so that 
vs is the stable radius of the nucleus obtained by shaking the given dilute solution. 

If the solution is weaker, the droplet shaken out of it will have to evaporate 
further to reach the critical density of the stable nuclear state, and the increment 
of vapor pressure due to surface tension will also be larger or the maximum, 2’, 
will be higher. The curve 4m’ s' now represents the conditions and is to be similarly 
interpreted. 

If the solvent is pure or contains only a trace of solute, the nucleus will vanish 
completely, or else the particle left may be too small to serve as a condensation 
nucleus for a given pressure decrement of exhaustion. The size after the lapse of 
time depends on the fixed quantity of salt originally entrapped. 

If the vapor is not quite saturated, the chances for evaporation will be 
enhanced. The line a will be correspondingly lowered, but equilibrium may 
result for a smaller size of nucleus, until eventually the solid saline residue of the 
nucleus alone is left. In so far as these concentration nuclei occur in the atmosphere, 
one is justified in concluding that their size (apart from the effects of temperature 
and barometric pressure on surface tension and vapor density’) will increase under 
mean atmospheric conditions as they are suspended at higher distances above the 
earth’s surface, until the levels of perpetual saturation are invaded. 

There is one outstanding question relating to the time losses which must now 
be considered. These coefficients, dn/d#, are much smaller in concentrated than in 
weak solutions. This observation was referred to the diffusion of the nucleus and 
its absorption at the walls of the vessel with different velocities, 4. The diagram, 
figure 20, shows, however, that near the points s there must be retarded evaporation 
for all particles, because of the small differences of vapor pressure remaining. 
Hence the persistence of nuclei shaken out of solutions might be ascribed to this 
effect. True, no reason is evident why strong solutions should differ from weak 
solutions in their relative time losses, d log n/dt. See § 49. Special experiments 
are nevertheless needed to clear up the matter, and they must be so devised as to 
give direct evidence of the occurrence of diffusion or motion of nuclei, and the value 
of its amount. If this is large enough to be compatible with the data for & in this 
chapter, then the hypothesis of retarded evaporation may be dismissed. 

It is with this end in view that the experiments of the next chapter are con- 
trived and the results show that the motion of the phosphorus nucleus as actually 
observed, is considerably faster than the average case computed for the nuclei in the 
present chapter and consequently the interpretation here accepted is corroborated. 

48. The critical density —In this place I may again call attention to the fact, 
that if retarded evaporation were effective in giving the nucleus permanence, if the 
observed dissipation of the nuclei of solutions were in any way dependent on 
evaporation and not on the motion of nuclei, then those nuclei which are produced 
by shaking solutions of hygroscopic solutes like CaCl,, H,SO,, ete. which can not 


' Note that temperature and elevation produce opposed effects on Z’'and 6. T increases at the 
| pp 
lower temperatures ; 0 decreases from preponderating pressure. 
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wholly evaporate their water, should be more stable than other saline nuclei. The 
results show emphatically that this is not the case. 

Nuclei generated from hygroscopic bodies in the above tables, and their rate 
of evanescence, @.¢., their absorption velocity, /, is not exceptional and is no greater 
in the first case or less in the second than that of saline bodies in general. Hence, 
as the nucleus is necessarily a solution in case of the former solutes (CaCl,, ete.) it 
is reasonable to suppose it always to be. It has been shown that the pressure 
decrement op <2 cm. of mercury (my apparatus in its present form does not allow 
me to go below this, though the limit is much lower) is more than sufficient to 
precipitate the nuclei produced by shaking. For such small decrements the 
equation .29 6 p/p = 60/(278 + @), where @ is the temperature in degrees C, may be 
assumed. Now the decrement of vapor pressure, 67, corresponding to 69, is at 208 
about oz = .1160; whence 67 = .25 cm. for the observed excessive 6p. In other 
words, the vapor depression of a few millimeters is certainly much more than is 
required to stop the evaporation of the nucleus, so that if this depression is to be 
due to the solute, the solution need not even be very concentrated. In case of 
H,SO, at 20° the nucleus would hold more than 75 % of water, and at lower 
temperatures much greater dilution would suffice. 

49. Temperature and barometric pressure. Conclusion.—It is obvious from 
the last paragraph that the temperature and pressure of the medium must play a 
very important rdle in relation to the constants of the nuclei obtained. In the 
present research I have made no attempt to determine this, not only because the 
vapor pressure relations of concentrated solutions must be more fully investigated, 
but because the method adopted above of producing the nuclei in question, is 
too crude for the purpose. It will in the first place be necessary to find a limiting 
value of the nuclei producible by agitation per cubic centim., or at least to make 
this nucleation a definite function of controllable conditions. The method which 
I have had under way (though the results cannot be included in the present re- 
port) consists in producing comminution by the impact on each other of two 
independent very fine jets of the same solution under large hydraulic pressure. 
In this way not only is the nucleating mechanism increased in efficiency but the 
availability of apparatus wholly of glass is at hand. It follows, then, that the 
opportunities for retaining the solvents absolutely pure are much enhanced, par- 
ticularly in ease of the hydrocarbon solvents. Finally, the correlative electrical 
behavior of nuclei is, under these conditions, more definitely open to investigation, 

In the present volume, however, direct evidence for the diffusion of nuclei is 


the final issue. 


CHAPTER VI. 
THE DIFFUSION OF NUCLEI OF LIKE ORIGIN IN DIFFERENT MEDIA. 


1. Zypes of diffusion phenomena—tin a survey’ of the diffusion rates of 
nuclei derived from the same source and under otherwise like conditions, but sus- 
pended in different media (7. ¢, in air saturated with different vapors), the oecur- 
rences may be classified with reference to two extreme types: the first includes 
vapors derived from such strongly ionizing liquids as have been examined, like 
water, ethyl alcohol, methyl] alcohol, ete. In these cases the coronas obtained from 
the same initial nucleation, on successive condensations by the exhaustion method, 
are always regularly annular, or, at most, distorted in color only. With the aleo- 
hols the coronas may show the colors of two successive coronas (in the sense de- 
fined in Chapter ID), in the upper and the lower halves of the same rings, but 
there is no distortion of form appreciable. With water vapor the coronas do not 
even show color distortion. Examples of this kind are given in Chapter IV, $$ 
27, 28, and need not here be further treated. 

The second type of phenomena are observed with vapors derived chiefly from 
the non-ionizing liquids, like the hydrocarbons, gasolene, benzine, ete., carbon 
disulphide, benzol, toluol, ete., in which the successive coronas derived from the 
same original nucleation show gradually increasing distortion of form. If the 
initial corona is annular and the distribution of nuclei therefore uniform, the fol- 
lowing coronas pass through campanulate distortion,’ and finally become mere color 
strata. Examples of this kind are also given in abundance in Chapter IV, § 10-26. 

The distinction between ionizing and non-ionizing solvents which is here 
implied, is not, however, a perfectly rigid rule. In treating such a liquid as acetone 
(Chapter IV, § 29), one is already put at a loss in the manner above specified, and 
the presence of ionizing power is to be regarded as incidental. 

2. Conditions of homogeneous distribution—The effect of precipitation is a 
disturbance of the original homogeneous nucleation. The nuclei, as a whole, are 
dropped with the fog and their distribution changed. The degree to which the 
uniform distribution will be kept up depends, therefore, on the rate of diffusion of 
the nucleus. It follows that the nuclei of the first group must diffuse very rapidly, 
so that all parts of the receiver continually contain the same number per cub. em. 
The effect of removal of nuclei by loading is thus quickly wiped out. On the 
other hand, the diffusion of nuclei of the second group (non-electrolyzing solvents) 
is apparently slow by comparison. It is quite possible to observe the air in the 

' Am. Fourn. (5), X11, pp. 400-402, 1902. * Chapter IV, §§ 7, 8, 9. 
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lower half of the receiver full of nuclei, or to bring about other similarly stratified 
conditions evidenced by semi-coronas, quarter coronas, etc. Indeed, when foreign 
nuclei are introduced they usually appear, on exhaustion, to be distributed a 
layers, usually in couches immediately over the surface of the liquid. Chapter IV, 
S$ 17-20, 23-26. The rates of diffusion are here easily measured, whereas in case 
of the electrolytic solvents like water, measurement is difficult, not only because 
diffusion is over 100 times faster, but because the diffusion of nuclei into pure air 
is a branched design, like the roots of a tree. Finally, unless the vapor tension of 
the liquid is too small (like petroleum), only the normal coronas of Chapter IT, 
§ 6, need be expected to occur in the cases of the vapors of non-electrolytes. For 
it is not unreasonable to associate large coronal particles with the corresponding 
large nuclei. 

3. Lffect of the medium—lt follows from this that the nuclei derived from 
the same source, and under otherwise like conditions, must be relatively small in 
ease of a vapor of the first group of liquids, and relatively large in case of a vapor 
of the other liquids. The same nucleus, so far as its apparent origin is con- 
cerned, differs in size with the medium in which it is suspended or in which it is 
generated. 

[On reading the proofs of this chapter, I observe that a discussion of the dif- 
fusion upward of the vapor itself into air has not been inserted. This diffusion is 
so much slower than would correspond to the data observed for nuclei—it corre- 
sponds to a quadratic law, while the order of vapor diffusion 1s not identical with 
the orders of & found in this chapter—that I overlooked it. The diffusion line for 
benzol, for instance (fig. 4, below), is about 40 times in excess of the values which 
would correspond to the upward motion of an 85 per cent vapor saturation, into 
air. Again, in the case of carbon disulphide, Chapter IV, § 26, the diffusion of 
nuclei out of the liquid is tested in terms of the apertures of the coronas. These 
increase in the course of time, showing a gradual increase of nucleation for the 
same vapor pressure. An increase of vapor pressure for the same nucleation would 
produce larger fog particles and smaller coronas in the lapse of time, the reverse of 
what was observed. 

Nevertheless, from computations which I have since made at some length, it 
is necessary to admit, that if what has been interpreted as the diffusion of nuclei 
at approximately constant vapor pressure, is the diffusion of a definitely under- 
saturated vapor, at approximately constant nucleation, large diffusion rates are not 
excluded, and the inferences as to nuclear velocity have been robbed of their force. 
Thus, for benzol, the observed data would correspond to the diffusion of a vapor 
at about 1/3 saturation, into homogeneously nucleated air. In fact, by varying the 
pressure differences on exhaustion, one should be able to test the progress of the 
diffusion of a vapor into nucleated air throughout the whole extent of the column. 

Hence the argument of the present chapter must be read with this alternative 
explanation in view, and I shall have to return to the subject more specifically 
elsewhere. In all cases, however, the velocity of the nucleus must be in excess of 


the velocity of the observed plane of vapor. | 
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4. Structure of nuclei—The next inference to be drawn is some notion of the 
chemical composition of these nuclei. For convenience merely, they are usually 
supplied by introducing into the receiver air which has passed over phosphorus, or 
burning sulphur, or glowing charcoal, ete. They may be obtained, however, with- 
out putting anything material into the receiver, by passing the X-rays or other 
form of radiation through it. An incidental experiment of this kind among many 
may be cited here. A thin-walled glass flask, 23 cm. in diameter, containing a 
small charge of alcohol, was exposed to the X-rays of a focus-tube of mild radiating 
intensity. Examined by exhaustion (pressure decrement 16 cm.) after 5, 10, and 
15 minutes had successively elapsed, no coronas were obtainable. After 30 minutes 
of exposure, however, a corona was obtained, and several subsequent exhaustions 
were needed thereafter to remove the nuclei. The production of nuclei in case of 
weak radiation is thus very gradual. It takes time to make them; but when once 
produced, they show a degree of persistence identical with that of nuclei of any 
other origin. 

Hence, so far as the behavior of the resulting nucleus is concerned, there is no 
qualitative difference referable to its origin. One must therefore look upon the 
gaseous contents of the receiver as containing the stuff out of which the nuclei are 
made, The inquiry is thus narrowed down to this: which of the gases involved 
(air or vapor) is made colloidal in the manner specified. If the air is selected, then 
there is no immediate reason for the apparent difference of size of nuclei of the 
same origin in electrolytic and non-electrolytic solvents respectively. If the vapor 
is selected, then the difference in size corresponds to the electrochemical difference 
of the liquids. 

5. Possible electronic agencies.—If one adheres to the electrical point of view, 
the agency which holds the nucleus or molecular cluster together is presumably 
associated with the electron. One should therefore anticipate greater conductivity 
in case of the much more mobile nuclei of the first type (vapor of ionizing liquids) 
than in the sluggishly moving nuclei of the second type (vapor of non-ionizing 
liquids), though it is not certain that the electron resides permanently with the 
same nucleus, I am not aware that experiments of this kind have been tried. 
One may note that the smallest nuclei occur in liquids of greatest, the largest in 
liquids of least, specific inductive capacity ; but all this is tentative.’ 

Finally, the order of condensation here implied should be noticed. The elec- 
tron, by its mere presence, condenses the nucleus or molecular cluster (whether 
liquefied or not), the latter being always so small an aggregation of molecules as to 
remain optically inappreciable, The nucleus for Kelvin’s thermodynamic reasons 
condenses the visible water globules seen as coronas on exhaustion. The diameters 
of these two groups must be in the ratio of less than 1/1000. The uniformity of 
nuclei produced by shaking may also be thus accounted for, inasmuch as some 
sort of charge must accompany the shaking. Their persistence in the presence of 
electrolytes like HCl or the salts may be plausibly anticipated. 

These are some of the advantages of an electronic hypothesis, Nuclei are so 


‘Tt breaks down for acetone, 
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frequently associated with electrical charges that it seemed expedient to examine 
the occurrence of the remarkable differences of diffusion from the electrical point 
of view first. The advantages of the simple mechanical hypothesis already stated 
in the last chapter,’ may now be reaflirmed for reference. 

6. TLhermodynamic agencies.—After this general statement of the phenomena 
in question from the electrical point of view, I may revert to certain advantages of 
the mechanical theory for the production of nuclei in a medium of saturated vapor, 
It is here supposed that the increment of vapor pressure at the surface of increasing 
convexity is finally compensated for by the decreased vapor pressure due to the con- 
centration of an evaporating droplet. It is inferred that a case of equilibrium will 
eventually result, corresponding to a particular radius and degree of concentration 
of the nucleus, which is thus merely a concentrated solution. Incidentally, the 
nucleus may or may not be electrically charged. Hence this theory accounts at the 
outset for nuclei, whether ionized or not. It accounts for nuclei produced by any 
kind of radiation in the manner discussed in the preceding chapter ($47). Cor- 
relative electrical phenomena ($21 below) are not wanting. 

Nuclei produced spontaneously by certain liquids like concentrated sulphuric 
acid, in presence of water or other vapor, by carbon disulphide in presence of its own 
vapor, by dissolved naphthalene in presence of benzol vapor, etc., admit at once of 
the same explanation, assuming that these bodies emit a slightly volatile constitu- 
ent, soluble in the liquid from which the vapor arises. A similar explanation 
holds for the nucleation from phosphorus, flames, glowing bodies, ignited metals, 
etc. Finally, the nuclei produced by shaking have suggested the present hypothe- 
sis. The temperature and bygrometric conditions at which nucleation in case of a 
phosphorus-source is a maximum differs decidedly by Chapter I from the tem- 
perature, ete., at which ionization is a maximum. 


EXPERIMENTAL EQUIPMENT, 


7. Method—F¥or the reasons stated, the method of determining the rate of 
diffusion of nuclei is simple and direct. Nuclei are introduced into the bottom of 
a tall cylindrical receiver containing saturated vapor issuing from a flat pan 
of liquid, and the height to which they have diffused after a measured length of 
time is tested by adiabatically cooling the vapor. The height of the fog bank 
seen immediately after exhaustion shows the limiting altitude which diffusion has 
reached, and there is usually a sharp plane of demarcation rising regularly in the 
lapse of time between the nucleated air below and the air free from nuclei above. 
It is assumed that when diffusion of a sluggish relatively heavy medium takes 
place against gravity in this way in a room of reasonably constant temperature, the 
influence of conviction is not a serious factor. 

The position of the advanced front of diffusion at the end of a given period of 
time is thus, as a rule, well determined. The position of the plane of demarcation 
immediately after the nuclei are introduced (7. ¢, the fiducial zero) is not determin- 
able with the same degree of certainty. In the case of the slowly diffusing vapors, 


1 Chapter V., $8 44, 47-49. 
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such as arise from the non-electrolyzing liquids, the initial plane may be definitely 
lowered by successive exhaustion and its position in this way fairly well deter- 
mined. A study was made at some length in the case of benzol, the limit or error 
of which is traced in the following tables. In case of the vapors from the ionizing 
liquids, like water or the alcohols, this method fails, because the apparatus, after 
the first exhaustion, is liable to be filled with nuclei. It then becomes necessary to 
quite remove them by aspirating filtered air through the vessel before the next 
experiment can be made. So tedious an operation involves much loss of time, but 
no way of avoiding it was discovered. In these cases, therefore, the position of 
the plane of demarcation at the beginning of the experiment can only be inferred. 

Indeed, this seems to be an insuperable difficulty incident to the present 
experiments ; for, even in the former cases, the successive precipitations remove 
nuclei which are thereafter lost for diffusion. Hence, a modification of method 
was later introduced to add fresh nuclei instead of filtered air after each exhaustion. 
Though in the nature of an interference with the experiment, the consequences, 
either good or bad, remained of small moment. 

8. Apparatus.—The diffusion cylinder is shown in its completed form in 
figure 1. The glass diffusion tower, AABJS, was about 1 meter high and 13-21 
em. in diameter, slightly tapering toward the top. Both ends were ground flat, 
the lower standing on a greased plate.of ground glass, the upper receiving the flat 
metallic lid, B4, securing the tubes leading to the exhaustion reservoir, C, to the 
filters, #} ete. A pan, P, of copper at the bottom of the receiver, held the liquid 
from which issued the vapors to be tested. The lid carries the vacuum gauge, G, 
graduated in em. of mercury and reading to about 40 em. A vertical centimeter 
scale (not shown) is marked with india ink on the outside of the wall of the 
receiver, and by its aid the height of the fog bank could be read off at once, with 
the usual precaution for a horizontal line of sight. The illuminating lamp, usually 
a circular hole in an opaque screen in front of the mantel of a Welsbach burner, 
was placed at a distance of about 8 meters away in the direction of vision and at 
the probable height of the fog bank, estimated in advance of the observation. 

The main filter 7”, consisting of along tube of compressed cotton, communicates 
with the atmosphere through a CaCl, desiccator tube, /7’, so that the air may be 
both dry and filtered. The tube which conveys this air to the bottom of the 
receiver, AA BB, is provided with two stop-cocks, a’, 6’, one of which, d', is kept 
permanently but very slightly open, in order that the current of air through the 
filter may always be very slow. On removing the filter (rubber joint) this tube 
serves additionally as a means of introducing phosphorus or other nuclei into the 
bottom of the receiver. The air in this case should also be dried by an ordinary 
CaCl, tube, as shown in figure 2, the phosphorus grid, P, being inserted into the 
upper part of one shank of the tube. 

The second filter, #) and desiccator, // (also to be replaced, if desirable, by a 
nucleator), has a similar construction to the preceding, but the air in this case is 
discharged into the top of the receiver. 

The exhaustion reservoir C communicates with the receiver AB, through a 
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wide rubber tube HZ’, of half inch bore, the ends being secured by ordinary hose 
couplings to the correspondingly wide stop-cocks, screwed into the lids of AB and 
¢. A spiral spring in EZ’ keeps it open. The vessel (’is a shorter cylinder than 
the other, but is also provided with a metallic lid. It communicates with the jet 





Fic. 1.—Dirrusion Tower, 48; EXHAusTION CHAMBER, C; DesiccaTror, Y, AND APPURTENANCES, 


’ 


pump through the desiccator D, and the filter #””, a stop-cock, c, being interposed. 
It is well to provide for an additional stop-cock at the jet pump, which, on being 
closed, prevents the accidental entrance of water into the connecting pipes. A final 
stop-cock, d, communicates through a filter with the air, and is useful when the 
exhaustion within C, as shown by the gauge G’, is larger than desirable. 

The manipulation is as follows: The cocks a, a’, e, d, are closed, b and 0! 
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partially so, and ¢ and f open. Then let the jet pump be started and act until the 
vaccum in (has a predetermined value (pressure decrement usually 50 cm.), after 
which ¢ is closed. Suddenly 
opening é exhausts the receiver, 
AB, as shown by the gauge @ 
(pressure decrement usually 
about 16 em.), upon which the 
observations for diffusion are 
made at once. The cock é is 
now closed and ¢ opened for 
further exhaustion of C while 
either filtered air or nucleated 
air is introduced through /”"; 
or nucleated air may be intro- 
duced through 4” to the bottom 
and filtered air subsequently 
through ’ to the top of the 
receiver AB; or vice versa. All these adjustments are at times needed. To clean 
the vessel of nuclei by aspiration, which is by far the most effective method, the 
cocks a’ ' f, ¢, ¢, ave all left open while the suction proceeds for 10 or 15 minutes. 
With all reasonable precautions it is often very difficult to entirely exclude 
water vapor, though its presence is not always a menace. Nuclei of water vapor 
in the above sense seem to occur simultaneously with the nuclei of hydrocarbon 
vapor, and they tend in a measure to remain independent of each other. But the 
former diffuse instantly and fill the vessel, draining the fog bank of nuclei, and 
soon wiping out the plane of demarcation. It is necessary in all such cases to clean 
the vessel by aspiration and begin over again. Very slow influx of air is a safeguard 
both against imperfect filtration and against the danger of errors from convection. 





Fic. 2,—DryYING TUBE WITH NUCLEATOR, P. 
Fic. 3.—TUBULATED PARTITION FOR DIFFUSION OF WATER NUCLEI. 


RESULTS. 


9. Benzol—The following data show the interval of time elapsed, in minutes, 
and the height to which the nuclei have risen in this interval. In the case of 
benzol, in particular, pains were taken to begin with a layer of nuclei as near the 
bottom of the vessel as possible and then to find the rise in periods of 15, 30, and 
60 minutes. Accordingly, in the case of the quarter-hour periods, the rise was first 
studied as dated from the time when the nucleation was introduced. The height 
reached by the fog bank is here 25 to 30 em. The endeavor was then made to 
adjust the lower level as near zero as possible, by one or two auxiliary exhaustions, 
made after the nuclei had been introduced. The rise of the fog bank in this case 
is naturally smaller. It reaches a limit, if time is taken for the fog to subside with 
each exhaustion, while the nuclei which have escaped precipitation by evaporating 
their loads are available for further diffusion. There are many of these when the 
subsidence is slow, and this practice was therefore followed in most of the succeed- 
ing experiments. Thus, in the last series of values for quarter-hour periods, the 
fog on exhausting 2 min. after nucleation (at 0 min.) was 5 em. high, Filtered air 
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was then introduced and the second exhaustion made 5 min. after nucleation, 
showed a fog bank 4 cm. high. Filtered air was again supplied and the receiver left 
to itself for 15 min. The exhaustion showed the fog bank to have risen to 16 em. 
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Fic. 4.—RIse OF NUCLEATION IN THE LAPSE OF MINUTES (DIFFUSION Upwakw) IN DENZOL. 
Fic. 4.—RIse oF NUCLEATION IN THE LAPSE OF MINUTES (DIFFUSION Upwarpb) IN TOLUOL, 
Fic. 5.—RIsr or NUCLEATION IN THE LAPSE OF MINUTES (D1rFusION UPWARD) IN ACETONE. 


Fic. 6.—RIse oF NUCLEATION IN THE LAPSE OF MINUTES (DirFUSION UPWARD) IN AMYL ALCOHOL, 
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In constructing the preceding graphs, figure 4 e seg., it will be assumed that 
the rise in all cases is from the same lower level corresponding to the instant from 
which time is measured. If the graphs are straight lines the initial level should in a 
measure be indicated by the graphs themselves. These curves give ample evidence 
of the difficulties of observation, but nevertheless map out a locus of a sufficiently 
definite character to prove that more than an incidental result is in question. 

What is particularly remarkable is the number of times the nuclei rise after 
apparently complete precipitation. Thus, in the first part of the table there are 
nearly 20 exhaustions, but the nuclei retain their rate of motion throughout. The 
same is true of other parts of the table. In case of the half-hour periods, the plane ~ 
of demarcation gradually loses definiteness, shading off to nothing at the top, while 
the motion of the nuclei is eventually faster, their rise higher than at first. These 
observations are marked a in figure 4. The nuclei which finally appear are thus 
somewhat smaller, and there is a correspondingly slight gradation of size, but the 
time needed to bring out this gradation shows that it must be almost negligible. 
Thus the nuclei are all very nearly the same size. 


TABLE 1.—DIFFUSION IN BENZOL. EXHAUSTION, 76 cm. TO 62.6 cm. PHOS- 
PHORUS NUCLEI. DIFFUSION TUBE CLEANED BY 5 EXHAUSTIONS. 


I. Quarter-hour periods. 
































Two exhaustions between. 
No exhaustion between. One exhaustion between, Two exhaustions between. | Receiver kept exhausted. 
(Fog subsides.) 
Time. Height. Time. Height, _ Time. Height. othe, Height. 
minutes. i cm, minutes. . cm. minutes. cm. minutes. cm. 
O-15 20-25 O=2 8 0-2 9 o-2 5 
16-30 20-25 Ey 3 2-4 6 2-5 4 
30-48 20-25 4-19 20 4-6 3 5-20 16 
49-64 20-25 Ig-21 6 6-21 18 20-22 4 
65-80 20-27 21-36 18 | 21-23 6 22-25 
80-95 20-30 36-39 i | 23-26 3 25-40 16 
95-113 20-30" 39754. 5 18 26-43 19 40-43 4 
113-128 20-25 54-56 5 43-46 4 43-46 
128-143 20-27 56-79 na ss 46-48 2 46-61 1 
143-160 20-25" sae ‘ 48-63 a8 =a 61-64 4 
160-176 25-30 | 63-65 6 64-66 
176-191 23-28 | 65-67 a 
192-210 23-28 i, 67-82 17 
210-212 5? asa el 
| 84-86 3 
212-227 20-23 - 86-101 16 
228-243 20-23 | IOI-103 ° 
243-258 18-23 103-118 











' Coarse coronas, budded and open, Grading obvious. ? Markedly open. 
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TABLE I.—Continued. 
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II. Half-hour periods. 
Time. Height. Time, | Height 
os | : 
baa ae ae is 
2-4 3 aS 3 
4-34 29 S238 Zo 
34-37 8 33735 7 
37-39 7 35-38 3 
39-45 5 38-68 33 
45-75 32 68-70 7 
75-78 7 79-72 3 
78-80 3 72-102 | 34° 
80-110 33 102-105 | 7 
I1O-I12 7 105-107 4 
112-115 3 107-137 Soma 
115-145 32 137-139 5 
145-148 5 139-142 iF 
148-152 4 142-172 30-36 
152-182 33° 
Ill. Hour periods, 
Time. Height. 
minutes, cm. 
o-2 7 
2-4 5 
4-64 45 } 
64-67 15 : 
67-70 6 
72-73 3 
73775 ss 
757135 5s 
° ; 5 2 
o-60 47 a 
o-2 5 
2-47 oy 





' Veil, 30-35 cm. 2 Open coronas, gradually more diffuse above, showing gradation. 
3 Veil, 4o-50 cm. high. Frequent breakdown of stable distribution. 


10. Hygrometric discrepancy —During the course of this work on the diffu- 

sion of nuclei in hydrocarbon vapors, I noticed that on certain days the experiments 
were apt to break down; the column of air within the tower-like receiver, instead 
of showing on exhaustion the sharp plane of demarcation between the nucleated 
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air below and the pure air above, was liable to condense as a whole, almost explo- 
sively. This occurred at a definite pressure and after condensation had already 
begun in the nucleated region. Suspecting that the diserepancy might be due to 
the hygrometric state of the atmosphere, I made the following tests, which bear out 
this surmise. he first column shows the pressure decrement on exhaustion, the 
second the effect produced on the nucleated atmospheric air in the dry receiver. 
The third column of the table are the corresponding approximate dew points, the 
fourth and fifth other hygrometric data. In the second and third parts of the 
table the results of artificially moistening and of drying the air are at once apparent. 





TABLE 2,—CONDENSATION IN ADIABATICALLY COOLED IONIZED (MOIST) 
ATMOSPHERIC AIR. 


I. Room air. 














Pressure difference. Effect of exhaustion, | Temp. of cooled air, Vapor pressure. | Hygrometric state. 

cm. PG: i cm. | 

10 Clear 8° .80 

11.5 . s 6 70 

12 se 5-5 .67 

12.7 - 4.7 -64 

13.4 = 3.7 .60 -34 

14. Fog 3.0 57 -33 

14. 3.0 57 


II. Room air over damp sponge. 








| | 
Io Clear 8° | .80 
E15 he 6 70 -40 
12 | Fog 525 68 439 
12 | ce 5-5 .68 +39 
11.5 | Clear? 6 -70 «40 
III. Room air dried over CaCly. 
| 
19 | Clear | — 3-5 | 36 | 227 


{ I | 





It seems to me probable that a method of hygrometry is here suggested which 
is worth a trial,’ and for which suitable apparatus could be devised. In other 
words, artificially nucleated air is suddenly cooled by expansion until a fog just 
appears. The dew point is computed from the pressure decrement thus deter- 
mined. If ¢ be the temperature of the air in degrees centigrade and p its pres- 
sure, and if the air is cooled from 20° and 76 em., we may write approximately, 

* Prof. Cleveland Abbe informs me that Espy’s nepelometer of 1835 and 1850 is virtually the 
same as this. See Abbe’s 7yeatise on Meteorological Apparatus, 1887, pp. 357-59. ‘‘ Espy showed 


that by repeated condensation he precipitated all the nuclei and got an apparently drier air; 7. ¢., it 
required greater exhaustion to produce the fog.” 
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dt/(t + 273) =.29 dp/p, so that roughly one centim. of pressure decrement. will 
correspond to a little more than one degree of temperature decrement in a dew 
point apparatus. More than 10 or 15 centims. of pressure difference will rarely be 
required. Perhaps a fixed exhaustion, together with a measurement of the aperture 
of the corona produced, is the preferable method in practice. What is particularly 
remarkable about these air fogs is their enormous rate (say meter/second and more) 
of instantaneous subsidence. This is, of course, mere evaporation from the finer 
cloud particles at the top downwards while the air is quickly recovering its original 
temperature, 

With regard to its bearing on the present experiments, it will be seen that the 
need of the desiccators, /) and //, figure 1, in the above experiments is clearly 
pointed out. If they are not used half of the experiments are liable to prove fail- 
ures, while the specific effect of the presence of even unsaturated vapor is yet to 
be ascertained. Slight heating of the receiver should remove the danger of col- 
lapse of the kind here in question in a measure. Experiment bears this out, and 
shows that the danger of convection encountered in this way is less serious than 
might be supposed. 

11. Yoluol—Two sets of experiments were made for this body, one in the 
spherical receiver (30 cm. in diameter), the other in the diffusion tower. The data 
of tables 3 and 4 and the graph which follows (figure 4) show the results. 


TABLE 3.—DIFFUSION. TOLUOL. GLOBE. PHOSPHORUS NUCLEI, NOT 
REFILLED. EXHAUSTION, 76-59 cm. 








Time. | Height. Time. Height. | Time. Height. 

—-—_————_ — | ——— | —_——<$—$. $$ | $e _—__ 
minutes, cm. | minutes. cm, | minutes. cm. 
0-3 5 24-39 79-82 13 5 
3-18 13 | 39-42 82-102 | ae 16 
18-21 5 42-45 102-105 5 5 
21-24 5 45-79 105-126 | 30 I5 





TABLE 4.—DIFFUSION. TOLUOL. TOWER. EXHAUSTION, 76-68cm. PHOS- 
PHORUS NUCLEI. CLEAN VESSEL AND FRESH NUCLEI FOR EACH OB- 
SERVATION. 











Time. | Height. Time. Height. | Time. Height. 
| ma ] Bi 
| 
minutes. | cm. minutes. cm. | minutes, cm, 
O53) Oo 3-149 4o O-3 5 
3R27 I2 Smo 2 
Cae 3 
0-3 5 3-156 60 | 6-3 ° 
3577 27 | 3-139 60 
0-3 ° 
o-3 7 | 375° 18 
\ 
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Considered as a whole, these data contain no evidence of a decreasing rate, but 
rather point to an initial position of the plane of demarcation between 5 and 10 cm. 
This interpretation will be accepted as there is none more probable. 

12. Acetone—The data for this reagent are the most irregular of the whole 
series of results, if the longer intervals of 100 min. are included, Below 100 min. 
a graph, figure 5, which points to an initial plane at about 5 cm. may be accepted. 
The anomalous results marked 4 in figures 4 and 6 are due to acetone. 


TABLE 5.—DIFFUSION. ACETONE. EXHAUSTION, 76-62.6 cm. PHOSPHORUS 
NUCLEI. ONE OR MORE EXHAUSTIONS BETWEEN OBSERVATIONS. FRESH 
NUCLEATION AT EACH INFLUX. 















































‘Time. Height. Time. Height. Time. Height. 
minutes. cm. minutes. minutes, cm. 
0-3 0-3 5 

3-18 3-171 80 

o-3 

O53 5 
3-83 5° 
OF8 > 
3745 35 
OFS 5 
3500 35 
' Veil 20-25 cm. high. 2 Probably influenced by convection. 


13. Amyl alcohol—Much time was spent with this body but only a few 
trustworthy results were obtained. The presence of mere traces of moisture 
invariably provoked a collapse of the whole column on exhaustion. It was 
necessary to introduce the alcohol, after being dehydrated with caustic lime, ina 
paste of the latter substance, Collapse invariably occurred on second exhaustion, 
for which reason no attempt was made to depress the initial plane of demarcation. 
It is possible that the molecules of amyl alcohol are efficient nuclei for water vapor, 
but at the present stage of research it is difficult to assign a reason for the behavior 
specified. Cf. figure 6. 





THE STRUCTURE OF THE NUOLEUS. 151 


TABLE 6.—DIFFUSION. AMYL ALCOHOL DRIED OVER LIME. EXHAUSTION, 
76-63cm. FILTERED DRY AIR. FRESH NUCLEI BEFORE EACH EXHAUSTION. 





Time. Height. 








| 7 | 
| Time. | Height. Time. | Height. 
| | | | 
minutes. cm. minutes, cm, minutes, | cm, 
1 | 
o-91 35 0-29 30 | °-37 aT 
| 
| : | 





' Followed by g failures due to collapse. Limed and distilled amyl alcohol. 
* Followed by 5 failures due to collapse. 


14. Hthyl alcohol.—Similar care had to be taken with absolute alcohol, though 
there was less difficulty in avoiding a collapsing column. The initial plane did not 
admit of depression. Whenever this was tried, the vessel was found to be filled 
with nuclei on second exhaustion and it was necessary to clean it by aspiration 
before another experiment could be attempted. Though many measurements were 
made, the graph, figure 7, is not smooth and points to a high initial plane of 
demarcation. 


TABLE 7.—DIFFUSION. ALCOHOL. EXHAUSTION, 76-62cm. PHOSPHORUS 
NUCLEI. FRESH NUCLEATION EACH TIME AND CLEANING THEREAFTER. 
FILTERED AIR NOT DRIED. 











] 

Time, Height. Time. Height. | Time. Height. 
minutes. cm, minutes. cm. minutes. cm. 

0-3 10 O-15 27 0-70 35 

3-6 12 

6-11 20 0-32 45 o-19 28 

o-16 25 0-30 | 40 
| 





TABLE 8.—DIFFUSION. ABSOLUTE ALCOHOL. EXHAUSTION, 76-63 cm. FIL- 
TERED DRY AIR. FRESH NUCLEI BEFORE EACH EXHAUSTION. VESSEL 
CLEANED BY ASPIRATION. 














Time. Height. Time. Height. Time. | Height. 
minutes. cm. minutes. cm, minutes. cm. 
° ° ° ° ° | ° 
60 40 44 40 II | 27 
° ° ° ° oO ° 
40 38 75 63" 25 33 
° ° ° ° ° ° 
28 33h 63 60 120 go+ 
° ° ° ° 
60 Be 18 35 | 
| = 

















1 Veil of 5-10 cm. 


a 
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15. Methyl alcohol—The first series of results for methy] alcohol, table 9, 
were obtained without drying the air. Though the initial plane was not depressed 
for the reason given in the preceding paragraph, tests for its mean position are 
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Fic, 7.—RIisk oF NUCLEATION IN ‘THE Lapse OF MINUTEs (DIFFUSION UPWARD) IN ETHYL ALCOHOL. 
Fic. 8.—RISE OF NUCLEATION IN THE LAPSE OF MINUTES (DIFFUSION UPWARD) IN METHYL ALCOHOL, 
FIG. 9.—VELOCITIES (CM/MIN) OF THE NUCLEI IN DIFFERENT MEDIA. 

Fic, 9'.—Risk oF NUCLEI IN THE LAPSE OF 50 MIN. 


given at the beginning of the table. These results differ considerably from table 
10 in which the air admitted was first dried in the manner shown in § 8. A high 
initial plane is again evidenced, Cf. figure 8. 
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TABLE 9.—DIFFUSION. METHYL ALCOHOL. EXHAUSTION, 76-62 cm. PHOS- 
PHORUS NUCLEI. CLEAN VESSEL AND FRESH NUCLEI FOR EACH OB- 
SERVATION. FILTERED AIR NOT DRIED. 





Time, Height. 








| Time. Height. Time, Lleight. 
|} | 
; | Saale ae | ae ae 
minutes. cm. | minutes, cm, minutes, cm. 
o-I 5 | O-15 20 o-41 2 
5 | 25 
Do. 8 
Do. 6 | 0-19 21 | O-14 °* 21 
Do. 5 | 
Do. 7 | 0-48 30 | 0-26 ieee 
| a 
= 2 | | 
1 





TABLE 1to.—DIFFUSION. METHYL ALCOHOL. EXHAUSTION, 76-63'cm. FIL- 
TERED AIR DRIED. FRESH NUCLEI FOR EACH EXHAUSTION, 






































Time, Height. Time. Height. Time. Height. 
minutes. cm, minutes. cm, minutes. cm, 
° 5 ° ° ° ° 
57 53 103 1a 43 35 
oO ° oO ° oO 
42 40 7o 30 16 25 
oO ° ° ° 
gt 65 72 4o? 26 30 
° ° 
° ° ° ° a1 28 
35 30 77 Our ° ° 
15 20 
! Veil of 5 cm. or more. * Collapse. 


16. Water—Totally different from all the preceding cases is the behavior of 
water. The diffusion, in the first place is enormously more rapid, so that the 
vessel is filled with nuclei and the distribution apparently homogeneous in less than 
a minute. Furthermore the advancing fog is not compact but stringy in character. 
It makes no difference whether the nuclei are introduced at the top or at the bottom 
of the diffusion tower. In either case the advance toward the opposite end is of 
the same nature. Chemical differences between the nuclei (whether coming from 
phosphorus, punk, sulphur, ete.) are not accompanied by characteristic differences 
in the results. 

Consequently the rate of diffusion of nuclei in water vapor can not be measured 
by the present method at all, as there is never a true plane of demareation apparent 
for reference. The data given in table 11 are merely intended to indicate the 
great relative rapidity of the diffusion process in the case of aqueous vapor, Ex- 
planatory remarks will be found in the table. 
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TABLE t1.—DIFFUSION. WATER. EXHAUSTION, 76-62 cm, FOG NOT COMPACT, 
STRINGS SEPARATED BY CLEAR AIR. 


(1) Phosphorus nuclei. 





Time Height. Kemarks, 
seconds, cm. : : 
10 30 _{ Nuclei put in below for 5‘ at 6 f= 4 exhaustion after 
15 50 |) waiting ro-15 ** Ascent of fog strings axial. 
10 35 | 
a us i Nuclei put in above, for 5 *** at 6 p= 4° 
a | 
20 7o 


(2) Punk nuclei. 
10 | 30 | Nuclei added above for 5 atOp~=4°™ Descent of fog 


15 40 strings on outside of column. 
15 40 Nuclei added below for 1o S*: at 4 © exhaustion 5 * later. 
(3) Sulphur nuclei. 
. ees ) Nuclei added below for ro‘ at 4°™, 5 8 waiting. Ascent 
"5 4 § axial. 
20 80 Nuclei added above. 











After this a variety of experiments were made in which the nuclei were allowed 
to diffuse through tubes and partitions. Thus sulphur nuclei added below a paste- 
board partition, showed on exhaustion a dense fog below, but only filiments above, 
which on second exhaustion changed to a faint fog above, remaining dense below, 
ete, Phosphorus nuclei behaved similarly. On ‘successive exhaustion, the fog 
above gradually grew denser, and eventually coronas of different orders appeared 
in the two sections. Although filtered air was added above, some nuclei are lifted 
by the exhaustion which complicates the experiments. Hence the following tests 
were varied ; the diffusion vessel was exhausted at the upper compartment and the 
nuclei added there, while filtered air was introduced below. In these cases a thin 
sheet of cotton .5 em. thick and not even opaque nearly stopped the diffusion of 
nuclei. Three hours after the nucleation in the upper compartment, the corona 
seen there was still of the centrally green order, whereas only diminutive normal 
coronas were in evidence below the partition, 

A tubulated partition, figure 3 above, was now installed, consisting of 10 
vertical tubes, @, a,.... in parallel, each 10 em. long and .6 em. in diameter, all 
other communication between the compartments being sealed off with cotton. It 
was ascertained that the diffusion of aqueous nuclei could be estimated in this way 
in terms of the sizes of the coronas above and below the partition A, after the 
lapse of a definite time, dated from the introduction of nuclei above the partition. 
In measurements made 2, 5, 10, and 60 minutes after nucleation, the coronas still 
showed colored centers above but were normal and of gradually increasing size 
below. The results prove the feasibility of experiments of this kind for water 
vapor; but they were temporarily discontinued because of the difficulty of keeping 
the walls of the diffusion tower clear of precipitated moisture. 
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A few special observations were made without partitions. Convective vortices 
due to the warmer glass walls after exhaustion should be upward on the outside 
and down in the axis. The initial strands of fog from nuclei in water vapor are apt 
to run upward in the axis and downward on the outside, according as the nucleation 
is added below or above, respectively. This peculiar and contradictory behavior 
is difficult to explain. The whole appearance is something like that ofa burning 
granule of powder throwing off smoke from an advancing center, and it is not 
impossible that coarse nuclear matter is being disintegrated in some similar way as 
the nuclei in water vapor are ultimately very small. . 

Experiments tried with formic acid were all failures from the invariable 
presence of water vapor, 

INFERENCES AND SUMMARY. 


17. Rates of diffusion —The irregular distribution of results does not suggest 
a suitable curve to be passed through them. The heights obtained after the lapse 
of long intervals of time frequently indicate a retarded rate; but this is to be 
otherwise expected seeing that after long intervals the number of particles in the 
plane of diffusion must continually decrease as a result of the losses laterally, and 
eventually the true plane of diffusion will fade beyond recognition. This will 
be particularly the case when water vapor is present, for under these circumstances 
the enormously rapid diffusion of the nuclei associated with water vapor will act 
as an additional and continued drain on the nuclei associated with the other vapors. 
It is from this point of view that the abnormally low values in the tables are to be 
explained, 

The effect of temperature, though presumably of marked importance, is beyond 
recognition in the case of methods of the kind here discussed, and it was there- 
fore ignored. 

For the reasons indicated, it will suffice the present purposes to draw mean 
straight lines through the observations, or, in other words, to consider their average 
distribution and trend. 

In table 12 the results for the absorption velocity, / in em, per minute, are 
given in full. The mean rise of the plane of demarcation per minute as at once 
obtained from the graphs, is entered under /’. This is to be corrected for the 
instantaneous rise due to the exhaustion by multiplying it by the pressure ratio, 
p'/p; isso obtained. All the graphs point to an initial height (time ¢= 0) of 
the plane of demarcation between 5 and 15 em., depending on the means available 
to depress it. There is good reason for this observation, as the nuclei can not be 
so slowly and carefully introduced as to insure complete freedom from motion. If 
the initial height were ignored it would be necessary to assume a sharp initial 
curvature for all the graphs, a condition of things much less warrantable apart 
from gravitation. Moreover, in the case of benzol, where many observations were 
made for the same pressure difference, the raised position of the plane of demar- 
cation was directly demonstrated. It was also shown that from the same charge of 
nuclei, diffusion increases perceptibly in the lapse of time, due to the gradual 
accumulation of the smaller particles in the front of the advancing column. 
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TABLE 12—RATES OF DIFFUSION. #’ FROM GRAPHS. & CORRECTED. PHOS- 
PHORUS NUCLEI. 








— — 





on Vapor. Remarks. k Ordinate at 50™. 
cm/min. cm. 
83 Benzol tower 75 42 
78 | Toluol globe; old .80 40 
go \ . tower ; new 43 21 
83 Acetone tower 58 32 
(initial rate) 95 38 
.83 Amyl t tower 1.00 51 
83. | Alcohol Pe 46 
apparent) -75 
.83 Ethyl 1.06 62 
83 Alcohol dry air | tia 51 
83 Methyl .24 20 
.83 Alcohol t dry air -64 42 
83 Water estimated | 100. — 

















The table finally contains the ordinate corresponding to a time interval of 50 
minutes without reference to the initial ordinate. This is the height of the fog 
bank, as observed 50 minutes after nucleation. As a whole, the following inferences 
will apply to it, as well as to the rates /, as may be seen in figure 9, by plotting 
both for comparison in some suitable way. 

18. Relations to other physical constants—A glance at the data found for 4, 
shows that the incidental circumstances of the experiment, the presence or absence 
of water vapor, the occurrence of impurities in the reagent, ete. are of striking 
importance. By contrast, those constants which seemed at the outset to be determi- 
nating features, do not now appear in the same light. Thus the ionizing properties 
of the solvent, its electrical conduction, ete., are not the dominating qualities which 
influence the rate of diffusion. Acetone, for instance, as a moderately good ionizer, 
has about the same rate as benzol and toluol, methyl alcohol a smaller rate than all. 
Aside from the enormous rate for water, ethyl and amyl alcohol have the largest 
rates obtained, and the latter varies abruptly according as water vapor may or may 
not be present, or for other reasons. 

The ionizing potency of the liquid as a solvent or other similar electrical con- 
dition mentioned at the beginning of this chapter, like electric charge, etc., has 
no immediate influence on the rate of diffusion. A theory like the one given in 
Chapter V, § 47, seems best adapted to explain the occurrences here observed. 

An arrangement with reference to specific inductive capacity would necessitate 
a distribution of & in the order of water (80), methyl aleohol (33), ethyl alcohol, 
(27), amy] aleohol (16), benzol (2), toluol (2), acetone (?), which is not the order 
of k observed. Thus the very low values of benzol and of toluol in the list, have 
no counterpart in the diffusion rates of these bodies. 

If an immediate relation of % to surface tension existed, the distribution of the 
k values would be in the order of water (80), benzol (28), toluol (28), acetone (25), 





THE STRUCTURE OF THE NUCLEUS. 157 


methyl alcohol (24), ethyl alcohol (23), amyl alcohol (24), which leaves out of 
account the high value of & for ethy! aleohol and does not adequately account for 
water. Cf. § 20. 

19. Comparison of the present and carlier values of absorption and of’ diffusion 
velocity.—It is finally interesting to resume the comparison of absorption velocities 
begun in Chapter V,$9. This is now easily feasible by consulting table 25 and § 
43 of that chapter, and table 12 of the present chapter. An introductory reduction, 
however, is needed, since in table 12 the velocity measured is at once the actual 
velocity of the nucleus, whereas in the preceding chapters / was computed as if all 
the nuclei travelled in a single direction. As they necessarily travel in all diree- 
tions, a rough compensation may be temporarily made by multiplying & by 6, or 
preferably by the probability factor, 16/7- 

The following are the diffusion velocities, x, as found from widely different 
experiments. From the preceding volume,’ in which the velocities of phosphorus 
nuclei in ordinary atmospheric air were studied both by mechanical methods 
(steam jet and absorption tubes), and by the electrical condenser methods, the mean 
value of £=18 cm/min. may be taken. Hence x= 90 cm/min., nearly. The 
number of particles was of the order of 104 to 10° per cub. em. of air. 

In Chapters II and IIL, by a rough method of comparing coronas of different 
orders, the value of % for phosphorus and other nuclei present in saturated water 
vapor to the average extent of 104 per cub. em., the value #—=.1 em/min. was 
ascertained. This is equivalent to «= .5 em/min. 

This datum may be compared with the diffusion velocities of table 12 of this 
chapter, in which fresh phosphorus and other nuclei were used, densely distributed 
and tested in a variety of vapors, alcoholic, hydrocarbon, ete. The usual values of 
diffusion velocity lie between x= .5 cm/min. and ~ = .9 em/min., being thus of the 
order of the preceding case. Water vapor itself did not admit of measurement. 
The value estimated from the filimentary advance seen immediately after the nuclei 
enter, «= 80 em/min., agrees more closely with the case for atmospheric air at the 
beginning of the paragraph. There is much in the behavior of water which is left 
unexplained. When the nuclei are first introduced into the mixture of air and 
saturated water vapor, the air contact does not seem to be negligible. 

Finally the experiments on the evanesence of the nuclei produced by shaking 
solutions lead to a series of values of / as follows. A few hundred nuclei per cub. 
em. were usually present after shaking the solutions, and less than 50 (usually) 
after shaking pure water. 

For the saline solutions of 1-3 %, «= .25; for solutions of .01 %, x= .40; for 
solutions of .0001 % «= 10. For pure water «= 25 or even 50. 

For aqueous solutions of solid neutral organic solutes of 1 to 3 %, «= 8; for 
solutions of .01 %, «= 3. The acid organic solutes, like tartaric acid, seem to 
behave quite differently. The solutions of this body of 2 %, .02 %, and .0002 2, 
showed diffusion velocities of «= .1, .1, and 1.0, respectively, thus evidencing uni- 
formly greater persistence of nucleation than even the saline bodies. 


' Experiments with Ionized Atr; Smithsonian Contributions, 190r. 
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For neutral liquid organic solutes in aqueous solution of 1 to 3 % x= 6; for 
solutions of .01 % «= 12. Nuclei from these bodies are thus very fleeting. 

Finally for hydrocarbon solution of solid hydrocarbons of 1 to 3 %, x= .10 
or .20, not differing much in persistence, ete., from the salt solutions. 

The total range found for the diffusion velocity of nuclei produced by shaking 
solutions of less than 3 % is thus from = .1 to x= 50 cm/min,, increasing with 
the degree of dilution of the solution, the largest value cited (pure water) closely 
approaching the datum for phosphorus nuclei in atmospheric air, «= 90 em/min. 

These variations of the velocity of the nuclei produced by shaking, and its 
relation to the order of values resulting from the direct experiments with phos- 
phorus nuclei given in table 12, is accounted for by the thermodynamic hypothesis 
for their occurrence, which makes of them particles of concentrated solution. The 
size of the nucleus for a given solvent depends essentially on the extremely small 
mass of solute which it happens to contain. It is larger when shaken from the 
more concentrated dilute solutions than from the weaker solutions, because the 
critical density is reached in the former case with less evaporation, and the capillary 
increment of vapor pressure to be compensated is at the same time smaller. 

Thus, it is quite reasonable to suppose that the nuclei obtained from phos- 
phorus or other emanations will be smaller, and, therefore, more mobile than the 


TABLE 13.—COMPARISON OF DIFFUSION VELOCITIES. 
(1) Nuclei produced by shaking. 


















































Solution, % of solute. n Hu 
cm/min, 
Alcohol in water ° 55 a 
1.6 43 4 
| 
Naphthalene in benzol’ 2.0 go .08 
(commercial) 02 87 07 
none 78 -O4 
distilled 82 .09 
|e LE see es eee ae ANE, 
Paraffine in benzol 1.0 128 .008 .04 
(commercial) 
Pure Benzine = 72 .070 .36 
(2) Nuclei introduced from without. 
Direct measurements toe) 
phosphorus nuclei in -6 
benzol vapor \ 


Do. in toluol vapor 


! Color yellowish. Naphthalene emits nuclei spontaneously. 
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nuclei shaken out of the more concentrated dilute solutions, but 


not so small in 
general as the nuclei shaken out of pure water or any other 


pure solvent, in which 
the amount of solute is an actually vanishing quantity. To carry out this compati- 
son one should eliminate the peculiar features of water and use the same neutral 
solvent in both cases. Hence, the results for benzol have been brought together in 
table 18. Water and alcohol have been added because of the greater purity of 
the solvent. The same inferences follow. 

20. Conclusions.—A survey of the results obtained as a whole, attests the 
oceurrenee of the diffusion beyond a doubt. The consistency with which 
the fog bank in case of benzol, for instance, is found at a definite height after a 
definite time under given conditions, no matter how often the exhaustion may be 
repeated, the obvious tendency of the plane of demarcation to rise regularly in the 
lapse of time, in every case, ete.,—all these observations can not be the result of 
chance convections but point to some more definite underlying cause. 

But while the occurrence of diffusion and its average rate is thus established 
by direct observation, the amount of motion in case of any given vapor has not 
been clearly made out. Water vapor, from its peculiar behavior except in the case 
of shaken nuclei, would naturally be left aside here for further research; but the 
other vapors frequently give evidence of very different rates of motion, », of the 
nuclei contained, depending on accidental conditions like the presence of moisture, 
the existing pressure and temperature, ete., not yet made out. Here again, how- 
ever, the rate for a given charge of vapor is a definite quantity and the observations 
are consistent among themselves. Witness, for instance, the remarkable results for 
ethyl and for methyl alcohols, figures 7 and 8, in each of which two definite veloc- 
ities are given in two independent series of measurements with the same body. 
Something definite is moving in each case, but that something differs for the same 
vapor and the same emanation under different accessory conditions. 

If the diagram, Chapter V, figure 20, be resumed, in which vapor pressure is 
represented in terms of the radius of the nucleus, it may again be argued that the 
curves bms and bm's' correspond, respectively, to stronger and to weaker solutions, 
while the curve dc shows the vapor pressure of the solvent. With the same mass 
of solute entrapped in the nucleus, however, the curves will depend on the solu- 
tional affinity, as evidenced by the vapor depression of strong solutions. Thus if 
in the weaker solution dm’s’, the solute were replaced by the same mass of a body 
having greater cohesional affinity for the solvent, the conditions expressed by curve 
bms might be regained. As the curves are drawn this corresponds to a stable 
nucleus of larger size. In other words the nucleus is largest when the affinity is 
greatest. If we compare the results found in Chapter V, for nuclei shaken out of 
inorganic saline and of neutral organic solutions, respectively, this result seems to 
hold good, the latter being much the more fleeting. As it does not follow that the 
conditions of the figure which is purely qualitative and inferential, hold good, all 
that need be stated is that in addition to the mass of solute (emanation) entrapped, 
in each nucleus, the cohesional affinity of the solute and solvent further determines 
the size of the nucleus. 
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The question as to the form in which the emanation enters the nucleus in the 
relation of solute and solvent is beyond the scope of the present inquiry; but in 
proportion as the emanation consists of fewer molecules, the nucleus will be 
smaller. A fresh phosphorus nucleation conveyed by dry air may therefore be 
very different as regards fineness, from a stale nucleation conveyed by dry air. 

In the case of different vapors much additional information may be 
gained from Kelvin’s vapor pressure equation which in the above notation is 
op xXr=2To/p= F, from which it appears that the surface tension (7) actu- 
ally enters as a single factor among many, to be counterbalanced by the differences 
of vapor (@) and liquid (») density. The quantity / roughly computed for the 
solvents of this chapter shows the following succession of values: 


Water, F = 1440 
Methyl alcohol, 960 
Ethyl a 1323 
Amyl Ss 2545 
Acetone, 1813 
Benzol, 2427 
Toluol, 2862 


Hence the factor 4, for water is only fifth in the order of size, while the extreme 
ratios of these factors is smaller than 1/3. 

Different solvents therefore introduce different relations into the product 7; 
(7. e., the curve dc of the figure in question), as well as new chemical conditions, 
while the occurrence of the factor 7 in /, renders the presence of traces of water 
in evaporating nuclei like methyl alcohol, for instance, a serious consideration. 
The whole subject is therefore, very complicated, and it seems wise to refrain from 
further inferences until completed series of the experimental constants needed have 
been investigated for certain typical solvents, It is in pursuance of the work of 
Chapter V that the nearest approach to definite conditions is to be anticipated. 

A final word should be added in relation to gravitation; clearly the rate of 
diffusion of the nucleus upward will be smaller, the diffusion of the nucleus down- 
ward larger, than the diffusion in a horizontal direction. The value found for » is 
thus too small, 

21. Lonization and nucleation in relation to cloudy condensation.—Hitherto 
the only irrefragable evidence showing that condensation is promoted by ionization, 
or in other words that negative ions are somewhat more active as condensation 
nuclei than are positive ions, is the brilliant experiment devised by C. T. R. Wilson.’ 
Nuclei are here produced by the X-rays in communicating condensation chambers, 
on the two sides of a vertical earthed metal plate, which receives electrical current 
normally on one side, through the ionized air, saturated with water vapor, and 
transmits the current in the same way and through the same medium on the other 
side. Necessarily there was an excess of negative ions on one side of the plate and 
an excess of positive ions on the other side. It was found on producing condensa- 
tion by exhaustion simultaneously on both sides under like conditions, that the 


' Phil. Trans., London, vol. cxciii, pp. 289-308, 1899. 
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fogs subsided on the positive side many times as rapidly as they did on the 
negative side, or that the negative ions are in correspondingly oveater number, 
The effect is increasingly marked for smaller supersaturations, 

On extending my work with shaken nuclei in the last chapter to solutions of 
non-conductors in non-conductors, such as naphthalene and of paraffine in benzol, 
ete., I obtained results leading to the interpretation already summarized for aqueous 
saline solutions. The purport of the present chapter is the same. ‘The nucleus 
is to be regarded as an exceedingly small droplet of very concentrated solution, 
which persists inasmuch as the decreased vapor pressure due to solution, at a cer- 
tain specific radius is exactly counterbalanced by the increased vapor pressure 
due to convexity. 

If this is true, then it seems doubtful to my mind, whether the experiments 
of C. T. R. Wilson on the specific condensation effect of ionization can further be 
regarded as crucial. 

Tf one introduces nuclei or makes nuclei by aid of the X-rays, in what is 
virtually the acid and the alkaline side of a battery, even if the ionized moist 
air is the electrolyte, one is conveying nuclei into, or making nuclei out of, 
different media. The stuff out of which solutes are to be fashioned may be avail- 
able in different degrees on the two sides. Whatever chemical effect is produced 
out of O,, N,, and H,O on one side by the rays, need not at all be the same as on 
the other side, any more than the effect of shaking a very dilute solution need be 
the same as the effect of shaking a stronger solution, where the results have been 
shown to be enormously different as to the number, the velocity, and persistence 
of nuclei produced. Hence from the accumulating evidence which I have brought 
forward, I am led to infer that the two species of nuclei in Wilson’s experiment 
are for mere chemical reasons liable to be of different degrees of permanence, sizes, 
and numbers, quite apart from the electric circumstances involved. One can not 
therefore affirm that the difference (respectively positive and negative) of ionization 
is the immediate and sole cause of the difference of precipitation rates specified, or 
briefly that negative ions precipitate more effectively than do positive ions, because 
both a difference of ionization and a chemical difference is involved. 

I refer, of course, to immediate causes. Remotely affinities and cohesions 

have the well-known electrical relations; but with remote causes Iam not here 
concerned. 
Finally, if a marked difference in efficiency as condensation nuclei of positive 
and negative ions is granted, then any ionized emanation neutral as a whole, like 
that from phosphorus, should produce two groups of nuclei. On condensation 
there should be two groups of coronal particles, interpenetrating and subsiding 
through each other in the way I have frequently instanced in other experiments 
(Chapter V, $37). No such effect has been observed. Phosphorus nuclei are rather 
remarkable for their identity, and the regular coronas observed even after 25 or 50 
exhaustions. 

While these conclusions as to the origin of the different nuclei involve a 
theoretical difference from Wilson’s deductions, they are not at variance with his 


162 THE STRUCTURE OF THE NUCLEUS. 


practical conclusions ; for if through any radiation agency two different emanations 
are generated (with opposite charges or not), they would in a saturated medium 
correspond to two different nuclei, and the number of each kind and their diffusion 
rates in general would also be different. If they should at the same time be 
opposed in ionization, a separation of charges will result. Indeed if two or more 
groups of ionized nuclei be generated in any manner whatever, they are liable to 
have different number and speed constants and lead to a separation of charges, 
be it only by diffusion. But the case is more definite, as the following paragraphs 
may indicate. 

Inasmuch as the nucleus from my point of view occurs under conditions of 
potential growth from a few molecules of dry solute to a weak solution (Cf. Chap- 
ter V, $$ 47, 48), as the air becomes more and more saturated, this growth and 
diminution must be a common occurrence in nature. The persistent atmospheric 
nuclei will be more dilute from the surface of the earth upward. The question 
then occurs whether such growth or change of concentration is accompanied by 
electric charge, quite apart from what is generally known as ionization (demon- 
strable presence of non-saturated chemical valencies); in other words whether any 
change of size of these excessively fine particles is reciprocally accompanied by sur- 
face electrification. 

In his highly finished investigation published in 1892, Lenard (7. c.) showed 
that in the presence of air, pure water is electropositive, a circumstance which he 
interprets as a mere Volta contact effect. It needs but a trace of saline solute to 
reverse the potential. Solutions in the presence of air are electronegative, and 
more so as a rule as the concentration increases up to a definite value (6.5 % in case 
of NaCl), for which the negative charge is a maximum. After this, as the concen- 
tration increases the potential gradually tends toward zero (attained for a solution 
stronger than 25 % in case of NaCl). Removal of nuclei by condensation and sub- 
sidence is thus virtually a removal of negative electricity, provided the positive air 
charge is not simultaneously removed. Here then the possibility of a mechanism, 
in virtue of which growth or increasing dilution is associated with increasing nega- 
tive charge for the nucleus, is actually at hand; but the difficulty at present rests 
with the removal of the air charge. 

Briefly, the point I wish to make is that the occurrence of charge is incidental 
and not causal to the existence of the nucleus. What conditions its persistence 
and condensational activity is purely thermodynamic; what conditions the efficiency 
of electric transfer is a secondary property, open to investigation though as yet but 
little understood, and which even in the same nucleus (solution) is present in very 
variable amount, or may be quite absent. The phenomenon in its electric aspects 
depends therefore on the critical density at which evaporation ceases (Chapter V, 
§ 48). ‘ 

In the above paragraphs I have endeavored to indicate how the current lines 
of argument bearing more or less remotely on atmospheric electricity at present 
stand; to point out that none of them have as yet been traced to a definite issue, 
and to show the direction in which I hope myself to contribute. 





APPENDIX. 


QUADRANT ELECTROMETRY WITH A FREE LIGHT NEEDLE, IIGHLY CHARGED THROUGH A 
CONDUCTOR OF IONIZED AIR.! 


1. The principles of construction aimed at in the following paper are: (1) 
To have the needle swing freely in air, 7. ¢, without liquid contacts; To devise 
means for suitably charging this needle (2) by induction alone; (8) By transmis- 
sion of the charge to be measured (potential) by ionized air; (4) Practically, to 
compensate for the loss of charge of the highly charged needle by conduction 
through ionized air. 

To my knowledge the sensitiveness of Kelvin’s original apparatus built upon 
a Leyden jar has remained unrivalled. Realizing the ingenious use which is made 
of sulphuric acid which in the instrument is a desiccator, a damper, a conductor, 
and part of a receptacle for storing large charges, it has nevertheless seemed to me 
that a useful modification might be attainable if the liquid contact of the needle 
could be obviated. In relation to such small torques as are successfully applied in 
galvanometry, it appears that the large capillary and viscous resistances introduced 
by partial submergence in a liquid, must ultimately, or in other dispositions, prove 
objectionable. Nobody would, for instance, think of damping an ordinary galvano- 
meter needle in a liquid. It has, therefore, long been my purpose to reduce the 
torsional conditions of the needle to quartz fiber accuracy. 

There is a second point of view: Notwithstanding the sensitiveness of 
Kelvin’s beautiful instruments, they have not found as much favor in general 
practice as the modification of them devised by Mascart. The troublesome high 
potentials of Kelvin’s instrument are here replaced by a water battery, with 
advantage and without serious sacrifice, as the sensitiveness of the original instru- 
ment was, as a rule, excessive. Mascart, however, retained the liquid damper. If 
this can also be removed, I think that a markedly increased sensitiveness must be 
attainable with all the conveniences due to Mascart’s modification. Incidentally it 
appears that inasmuch as the liquid contact means a platinum vane, ete., the heavy 
parts are needless in a free needle, a further favorable condition. 

In the apparatus presently to be described, I have succeeded in installing an 
air damped light, aperiodic, free needle, and have in this way increased the sensi- 


‘Cf. Meeting Nat. Acad. Sciences, Philadelphia, November, 1901. Since that day, an instru- 
ment made with similar ends in view, but on a different plan, has been described by F. Dolezalek. 
Zeits. f. Instrum’ k., XXi., PP. 345-359, 1901: The capsule attached to my instrument is the feature 


which I wish to accentuate. 
163 


164 THE STRUCTURE OF THE NUCLEUS. 





tiveness of Mascart’s modification many times without falling below the require- 
ments of a practical instrument. 

2. Original constants.—The method of work has been direct. I took the 
well-known Elliott lecture form of quadrant electrometer and after determining the 
original constants improved on them successively. When the quadrants were 
permanently charged with a small water battery of about 24 volts (retained 
throughout), the results were: temporary deflection per volt, 2.5 em.; permanent 








Fic. 1.—ELECTROMETER SHOWING CAPSULE, NEEDLE, AND QUADRANTS IN PLACE, SECTIONAL ELEVATION. 
Fic. 2.—Cross SECTION OF CAPSULE AND IONIZER. 


deflection per volt, 1.7 em.; scale distance, 440 em.; period, 20 seconds; damping 
ratio, 2/1. ‘The low sensitiveness is due to the large quadrants (12 em. in diameter, 
2.7 em. high), and the small charging battery, the instrument being adapted to 
an electrostatically highly charged needle. But as the case of the quadrants is 
well-known, and the whole improvement aimed at is confined to the needle, the 
above term of comparison is adequate. 

The theory of the electrometer gives us approximately, 6=a(V, —V,) 
(V,—(V.+ V,)/2), where @ is the deflection, a a constant varying as the 
effective circumferential breadth of the needle directly, and its distance from the 
quadrants inversely. V,, V,, V3 are the potentials of the quadrants and 
the needle, respectively. If — V, = Vy, 6 = 2aV, V5, where V, is 1/2 the available 
potential difference. For constant V,, this is the best adjustment of the water 
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battery. I have found it more convenient, however, to keep V, = 0, whence 
@=aV,V,—aV 2/2 for small deflections. 
If the mean deflection be taken (since the constant a V2/2 merely determines 


the zero), @=aV,V,—a V?/2 and —6=—aVJ, V,—aV?/2, whence 
=aV,V,, where V, is the full potential difference available. In practice the 
positive and negative deflections are numerically equal, but the scale zero varies 
with V,. 
Finally, if the instrument is used idiostatieally and V,=0, V, = Ven, 
=aVj3/2. In this case the instrument gave me a= .036. 7 

If V, =V,=0, the needle and one quadrant being put to earth, 
@=aV,(— V,/2) = — aV 2/2, the same value but opposite in sign. 

3. <Apparatus.—tn the figure (sectional elevation) Q@ will be recognized as 
the quadrants, A as the base plate of an ordinary Elliott lecture pattern of the 
electrometer. Details are omitted. A is to be used as a receptacle for the desic- 
eator and in the definite form of instrument must be deeper and provided with a 
central hole for convenient discharge. The needle is shown at nn, and m is the 
mirror attached to the vertical stem. This carries at its lower end a metallic dise, 
¢, all but fitting into the cylindrical cavity of the brass box, 6. When the needle 
is at rest, the dise, ¢, lies at right angles to the axis of this box, and the free space 
between the edge of the disc and the inside of the box is about 1 mm. The hollow 
cylinder is appropriately closed at both ends, forming a capsule and it is supported 
by the horizontal glass rod gg, fastened down with bolts to the ends of the bed 
plate, A. A sleeve, d, serves to join the capsule to the rod. 

The needle, », and disc, ¢, are made of very light aluminum foil, .03 thick. 
In order to secure the necessary longitudinal rigidity in the needle, the foil is 
folded along the axis as shown at 7, and rolled down nearly flat. The needle so 
obtained weighs with mirror less than .7 grams. Its period in the earlier experi- 
ments was 30 sec., in the later experiments 60 sec. (remembering that but 1/2 
swing is usually needed) and the damping ratios 8:1 and 87:1 respectively. 
Originally my needles and discs were made of silver-plated mica, but I was unable 
thus to get the same lightness and rigidity as with aluminum. In the final 
experiments the disc was even made annular as the damping in case of narrowed 
quadrants is already excessive. 

As a result of this extreme lightness relative to surface, the air damping 
obtained in dise and capsule may reach aperiodicity, while the torque of the bifilar 
is correspondingly reduced. The lids of the box, 4, are adjustable, the ring aa 
earrying a narrow horizontal bar, , centrally perforated so as to admit the screw, 
f, the inner end of which carries the discs, ¢,¢, by which the capsule is closed. The 
outer ends of f, f are provided with a nut, which in view of the springs, s, may be 
used to regulate the distance between ¢ and / at pleasure. A simple lid, however, 
was found to suffice equally well, and the discs, ¢, ¢, may be left as much as 2 em. 
apart, admitting of ample swing of the needle. In fact so small is the amount of 
induction transmitted by the discs that they may be made of g/ass through which 
the edge of the vane ¢ may be seen and its freedom tested. The vane, ¢, is received 
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into the box, 4, through a notch on top parallel to the axis of 0, sufficiently closed 
in adjustment by the ring, a. 


SEPARATION OF THE CHARGE OF THE INSULATED NEEDLE BY INDUCTION. 


4. Method of charging.—The quadrants are charged directly with the water 
battery as already explained. 'To convey the charge to the needle, which is now 
freely suspended in air and insulated, it was my first endeavor to ionize the air in 
the capsule, ece, by making the discs, ¢, ¢, of wire gauze, and securing pellets of 
phosphorus to rear discs of mica, Thus the air in the capsule becomes a conductor 
while the air without insulates in view of the slow diffusion and absorption of 
phosphorus ions. 

Phosphorus was used for experimental purposes. It is not practically suitable 
since it deliquesces on oxidation, Thorium and uranium preparation placed on é 
would be free from this difficulty. With this plan I sueceeded but partially, as 
the air could not be kept dry enough and the emanating power of the phosphorus 
is soon extinguished by the moisture of its oxidation. I shall refer to the results 
below, 

It soon appeared that the ionizer was superfluous as the electrostatic induction 
within the capsule, 4, is nearly perfect. Thus if a positive charge is imparted to 
the outside of the capsule as shown, it redistributes itself at once, forming a field 
within the capsule such that the inside of the capsule is positive throughout its 
equatorial plane and the edge of the disc, ¢, negative. Nearly the whole field is 
closed within this equatorial zone, and but little induction is contributed by the 
lateral discs, ¢, @, seeing that the edge of the vane has been brought close up to the 
inner face of b to secure good damping, and ¢ is remote. Hence the needle, , 7, is 
charged positively by an amount equal to the charge within d or on the edge of the 
vane, ¢. 

An instrument is thus obtained which is very similar to the electroscope, only 
more sensitive and like it of low capacity. The needle of the apparatus being 
freely suspended, no communication of permanent charge to it is possible for 
reasonably low potentials if care be taken that no charge escapes by way of the 
silk fibers of the bifilar suspension, The air within the cover of the apparatus 
must therefore be kept scrupulously dry, otherwise the zero will shift slightly with 
each charge. 

5. Observations.—The needle being free, it was found convenient to take 
temporary instead of permanent deflections or to use the instrument ballistically, as 
it were, supposing, however, that the contact is made during the whole swing. The 
bifilar suspension was about 12 em. long, .02 cm. below, and .1 cm. above, the 
needle being charged by a storage battery. Using silk threads of four (glued) 
fibers each, their individual torsion is already a serious factor, 

Withdrawing tabulated statements for brevity, it suffices to indicate that both 
the temporary and the permanent deflections varied with the potential. The zero 
changed slightly, showing the undried silk threads to conduct. Since @=aV,V, 
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if the mean deflection is taken, it was found that a= .084, so that the original 
sensitiveness has already been increased 2 or 3 times, 

6. Ldiostatic data.—I next discarded the water battery and joined one pair of 
quadrants with the needle, putting the other pair to earth. The temporary deflee- 
tions only were taken. The experiments were varied by exchanging the charge of 
the quadrants and by again earthing the needle (capsule), in which case it was 
necessary to change the zero manually. ‘The data for the earthed needle happen 
to be the smoothest. Computing a from the three groups of experiments made, 
a= .126, a= .090, a=.138 were obtained. These differences as well as the 
relatively large values of a for the smaller charges (5 volts) indicate a charge in 
the needle which was not removed, for instance, by touching the needle by an 
earth wire. Compared with the original value (a= .086) the present increase of 
sensitiveness is 2 to 4 times larger. This is an excess of the increase (2 1/2 times) 
in § 4. It may be noted again that if the needle carries an independent charge 
(due to the conduction of the silk fiber), V, = 0, while V, and Vy are different ; 
whence 6 = Va,(V;— V,/2), which is a maximum if V,;=V;. Thus, if the 
needle carries such a charge the maximum is approached sooner or later than in 
the normal case of no charge. All this points to the importance of insulated silk 
fibers. 

7. Miscellaneous tests—The use of mica discs at e¢ im figure 2 is apt to be 
accompanied by hurtful polarization. Approaching these discs too closely to the 
needle, the damping soon becomes excessive (aperiodic), and the slow moving 
needle is found to be unstable. Slight gain in sensitiveness in this case is no com- 
pensation for the irregular behavior and the narrowed limits of deflection. 
Paraftined copper dises showed no advantage. All this contrasts strongly with 
the steadiness of behavior when the discs ¢, ¢, are moved far apart. 

Before proceeding to test the quartz fiber suspension, I determined to increase 
the sensitiveness by reducing the bifilar distance further. The results did not show 
the increase of sensitiveness anticipated, proving that the torque of the silk fibers 
is now seriously in question and suggesting objections to fibers glued together in 
multiple. The electrometer held its charge (needle) well, the readings at intervals 
of 15 sec. being 60, 61, 62, 64, 65, ete. with the zero at 101. This is a drop of 
about .12 per second, without special desiccation, a favorable value in view of the 
small capacity. The sensitiveness gained is now a = .164, exceeding the original 
value (a = .036), 4 1/2 times. 

The effect of the vane ¢ alone, when the quadrants are all metallically con- 
nected, was about 1/50 of the deflection due to the quadrants. A similarly interest- 
ing question is the relative amount of induction conveyed by the cylinder, J, and 
by the barriers, ¢, ¢, separately. This was found by putting the barriers to earth and 
charging the cylinder, and vice versa. The results showed the effective charge to 
reside in the equatorial parts of the capsule, nearest the edge of the disc, ¢, of the 
needle. The barriers contribute about 1/6, the cylinder 5/6. 

8. Quartz fiber —My next endeavor to increase the sensitiveness consisted in 
replacing the bifilar suspension by a quartz fiber. The one selected was between 
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002 and .003 em. in diameter. To mount it the end of the fiber was thrust into 
the mantle of a flame and bent sharply at right angles, then fastened to a suitable 
rod with cement. 

The sensitiveness so obtained was a = .14, actually less than the a = .164 of the 
last paragraph. Finding no finer quartz fibers available, I resolved to return to the 
silk bifilar. The experiment made, however, is sufficient to express the conditions 
which hold for quartz fibers, as follows: The needles used below weigh less than 1/2 
gram. A good quartz fiber, strong enough to hold it, will therefore not be more 
than .0005 em. in diameter. Consequently the torque will be reduced over 500 
fold, and the sensitiveness of the instrument now be increased to a= 70. This is 
so much in excess of the sensitiveness reached with the silk bifilar that other 
practical difficulties (excessive damping coeflicient), will intervene long before it is 
reached, 

9. Single-fibered silk.—These were obtained by splitting the above silk fiber 
into its four constituents by submerging it in hot water to dissolve the glue. The 
bifilar obtained in this way was (after desiccation) in every way entirely satisfactory, 
except with regard to its conduction. The period of the needle increased to 60 see., 
its damping coefficient to 37, so that the needle was practically aperiodic. The 
heterostatic sensitiveness obtained was a = .33, over 9 times the original value. 

In using the instrument idiostatically the greatest care must be taken to remove 
all charge from the needle, as otherwise the deflections will vary as the first and 
second powers of the needle conjointly. Indeed, the second power may often 
relatively vanish, as will presently be shown. In the experiments the needle was 
discharged by putting it to earth just before the measurements, but even with this 
precaution some residual charge is liable to be evidenced by the unsymmetrical 
deflections. 

If the needle carries a charge and if V, =0,9=aV,(V, — V,/2)= 
aV,V,—aV2/2. Hence, if the charge of the quadrants V, is reversed, the 
mean deflection will be a=aV2/2. The law of squares must hold. If the 
needle carries a permanent charge equivalent to V,', this is not reversed on 
commutation. But in the mean value of 6, =aV,(V,+V;')—aV 4/2, and 
6,=(— V.)(— V+ Vs) — V2/2, viz, 6=aV;/2, the law of squares still 
holds. If, however, charge runs into and out of the needle during measurement 
so that the sign of Vi; = Vj is also reversed partially at least, then in the mean 

=aV2/2+aV, Vz tbe simple law of squares will be either accelerated or 
retarded according as V is positive or negative, In the experiments the latter is 
usually the case, showing that the needle leaks. The permanent charge of the 
needle appears in the difference of deflections as 6’ = 2a V, V4, and this may also 
be made out from the data. Indeed, it has been stated that sometimes the linear 
law may preponderate. 

The sensitiveness reached in these experiments was a = 26/V § =.40, when 
the needle was charged and @ = .33 when it was put to earth. This again is, on the 
average, over 10 times the sensitiveness found in paragraph 2 for like experiments. 

10, New electrometer.—After finishing this work, I thought it expedient to 
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make the next step in the direction of greater sensitiveness, by decreasing the dis- 
tance apart of the upper and lower sectors of the quadrants. In the new instrument 
the same light needle was used as above, and the new quadrants were about 10 
cm. in diameter and 1 em. high. Though the same capsule was used the damping 
coefficient was increased by the less roomy quadrants. The needle was quite 
aperiodic, but its period about 60 seconds. 

Again omitting the tabulated results for brevity, let me say that the experi- 
ments were made in three sections. In the first the quadrants were charged by a 
water battery (nominally 48 volts); a diversion, however, was introduced by earth. 
ing the middle of the battery. Supposing the two halves equal (V, =— Vs 

=a(V, —V,)(Vs— (V. — V,/2) = 2a V, Vs, where V, is 1/2 of the electro- 
motive force of the battery. In the first part of the work I found a =.39. 

In the second part of the work the reason for this low result was investigated. 
It appears that as the voltage of the quadrants increases from 10, 20 to 40 volts, 
the deflections pass through a maximum, being actually greater at 20 volts than at 
40. The explanation is suggested assuming that the two halves of the storage 
battery are not equal, so that V, + V, is not zero. As the balance was most 
nearly maintained for 10 cells the constant becomes a = .84, an increase of nearly 
24 times. . 

In the third part of the work one quadrant was earthed, and the other charged 
with the full number of storage cells, The results were in general corroborative ; 
but here also the sensitiveness failed to increase with the potential difference of the 
quadrants. 

A few idiostatic results were finally tried, showing that on the average a = .74, 


PRELIMINARY RESULTS WITH A HIGHLY CHARGED NEEDLE. 


11. Charge by induction—I now proceeded to take advantage of the ob- 
servation just made. Accordingly the quadrants were used for measuring the 
electromotive force of two Clark cells while the needle was permanently 
charged by a storage battery. My first experiments consisted in seeing in how far 
an inducing system would suffice. The capsule was charged directly and the 
needle by induction, The results showed that the sensitiveness soon passes 
through a maximum, more than ten cells connected with the capsule are scarcely 
useful. The sensitiveness was low and variable. 

12. Charge by conduction.—The needle therefore is to be charged by contact. 
The only loss of charge can then take place through the silk threads or quartz 
fiber. This method was very successful so far as small equipment with great 
sensitiveness is concerned. Naturally the needle loses charge in the lapse of time, 
which, however, can be more than supplied by ionizing the air in the capsule. 

The results showed enormously increased sensitiveness. With but 10 storage 
cells to the needle and capsule the deflection was 50 em. per volt for a scale distance 
of 4 meters. Material advantage is secured by charging the capsule. In making 
these long excursions the period of the needle is increased to almost 2 minutes, 
which is to be improved by cutting down the damping. 
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13. Miscellaneous experiments.—The occurrence of an insulated needle makes 
this form of electrometer peculiar, and a special lever is needed to put the needle 
to earth at will. If the quadrants are charged equally and opposite with the 
capsule earthed, 6 = a V, V,. Hence the deflection is not zero but of a magnitude 
varying with Vy, the potential of the needle. If the needle is put to earth, @ = 0, 
and this may be used as a test for symmetry of the quadrants and needle. If V, 
is zero, @ will vanish for all values of V,. I omit the data. 

Holes were differently cut in the vane of the needle, but the effect was always 
disadvantageous, as might have been expected from theory. 

The highest sensitiveness was obtained with a twisted silk bifilar, each thread 
single-fibered. The constant obtained was a=.5. Deflections, however, were too 
prolonged and creeping to make this result of value even if a quartz fiber had 
been used. 

14. Summary.—With the use of a damping capsule in which the air damper or 
disc of the needle lies symmetrically in the right section of a cylindrical box, with 
only just space enough at the edge to secure freedom of motion, not only may 
complete aperiodicity be secured if desirable, but a charge may effectively be 
imparted to the needle by induction, which is all but equal to the inducing charge. 
The voltages to be measured are necessarily small. 

In view of the light needle, the absence of liquid contacts, the sensitiveness of 
the apparatus may be made upwards of 10 times greater than is customary where 
liquid contacts are employed. An advantage of the instrument is its simplicity, its 
small capacity, its immediate adaptation to quartz fiber suspension, the attainable 
stability. For the latter purpose the air within the instrument must be dry, and 
the difficulty of securing this perfect insulation is an objection to the instrument. 

The sensitiveness may be enormously increased, however, by charging the 
needle by contact and using the capsule merely to retain its high potential. As 
few as ten storage cells will suffice to effect this charging. It is necessary to 
provide means for the loss of charge of the needle, and this is done in the next 


section. 
TRANSMISSION OF THE OHARGE BY IONIZED AIR. 


15. Phosphorus emanation.—The ionizer used for experimental purposes was 
phosphorus. It was attached to the inner faces of the metallic barriers, ¢, ¢, behind 
dises of wire gauze. Otherwise the method of experiment was the same as above, 
except that the reversed deflection (recoil), after the permanent deflection had been 
reached, was also recorded. As the damping ratio was 8/1, the are of recoil from 
the permanent deflection should be 1/9 of its value. The effect is always larger, 
after which the zero is asymptotically regained. It follows that a charge succes- 
sively enters upon and vanishes from the needle through the ionized air, 

The data showed that both the temporary and the permanent deflections vary 
as the potential of the needle, but that the recoil increases at an accelerated rate 
for higher potentials. The sensitiveness varies with the activity of the phosphorus. 
Again the temporary and the permanent deflections are greatest when the recoil 
is least. 
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With regard to the permanent deflection, the question arises whether the 
positive charge of the capsule leaks into the needle, or whether positive charge 
leaks out of fie needle in other ways, leaving a permanent negative charge. This 
is determined by the recoil, showing the residual charge of the needle to be opposite 
in sign to the charge imparted. It follows also that the permanent deflection de- 
creases as the recoil increases. 

In the lapse of time the temporary deflections soon reach a maximum, and 
therefore a nearly constant value; the permanent deflection then steadily decreases 
while the recoil increases. The fluctuations of the former are reproduced in the 
latter. 

Experiments equally unsatisfactory were made with the idiostatie method. 

16. Highly charged needle—I now come to the definite form of apparatus 
already suggested in $10. Here the needle is put at high voltage by momentary 
contact with the capsule, which is kept permanently charged. The potential to be 
measured communicates with the quadrants, either pair being put to earth alter: 
nately. ‘To compensate for any leakage from the needle, the barriers of the capsule 
are phosphorus grids. 

The experiments showed that the sensitiveness remains constant so long as the 
phosphorus lasts, seeing that the reagent deliquesces in the atmosphere and soon 
vanishes effectively from the instrument. The damping, moreover, was liable to 
be excessive, 3 minutes being often necessary to reach a permanent deflection. 
This was remedied by cutting two nearly semicircular holes in the vane, leaving 
only the parts near the stem to insure rigidity. The period was thus cut down 
to 80 sec. The silk bifilar was stretched between hard rubber stems to increase 
the insulation, and the bifilar distance was made a little larger. The table on page 
172 contains an example of the results. 

Thus, with the proper needle, a deflection of 5 cm. either side of zero was 
attained per volt, when the charging potential was but 10 storage cells. The 
maximum sensitiveness attained was thus a = 2.5 about. 

17. Summary.—From the form given to the damping capsule, it appears that 
the induction of the preceding section is in excess of the effect of conduction 
through the ionized air to the insulated needle. Initially both produce like 
effects, but the permanent deflections are different. The effect of ionization is 
indirectly or virtually an escape of the charge of the needle, which may go far 
enough to reverse the sign of the deflection. The result is much like polanicetions 
and increases in the lapse of time. The arrangement is useless for measurement. 

If, however, the needle is first charged by contact, and the ionized air is then 
used as a mere vehicle for supplying the leakage of a highly charged needle, the 
method becomes practicable for certain purposes. My chief purpose in this ap- 
pendix was to call attention to the capsule, which, in the manner shown in $$5 
and 6, has frequently been useful. 
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TABLE.—NEEDLE CHARGED BY MOMENTIARY CONTACT WITH CAPSULE; 
CAPSULE PERM. CHARGED BY STORAGE BATTERY; QUADRANTS WITH 
1 CLARK CELL, ONE POLE EARTHED. SCALE DISTANCE, ABOUT 4 M. — 













Storage cells to capsule. Time. Zero at Elongation. Single deflection. 
cm. 
6 
h m 5 





Another needle. Damping vane annular. 








3S 
10 30™ to 3” 30™ 96 132 367 35 
97 
112 19 33 
10 4" oo” 112 147 357 34 
113 
10 4" 30™ 103 7 32 
5 103 137 aden 
10 Se Ols 105 74 31 
106 139 337, 3? 
10 g* *o" 140 111 28_ 38 
140 167 ahaa 
80° Needle. 1 Daniell. Water battery to capsule. 
So 73 
(Initially) 
80 


80 
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In more recent experiments, preference was given to a horizontal capsule, the 
lid of which was a light dise attached to the lower end of the needle and closing the 
capsule similarly to the disposition in the guard ring electrometer. A pellet of 
phosphorus was placed in the capsule, and both this and the upper end of the 
bifilar were connected with the water battery, thus charging the needle from both 
ends. The leakage in the presence of the phosphorus was but slightly greater than 
in its absence, being with the quadrants at 10 volts, .24 x 107-12 to.77 x 10-12 
amperes in the former case and .29 X 10712 to .40 x 10-12 amperes in the latter, 
according as the sign of the charge was the same or opposite to that of the needle. 
The deflection with phosphorus is here unsymmetrical, but the constancy perfect 
and the sensitiveness very high. Indeed it was also feasible to charge the quad- 
rants permanently and symmetrically with the water battery and to connect the 
unknown voltage with the needle either through induction alone in the absence of 
phosphorus or through the ionized emanation, according as high or low potentials 
were to be measured. 
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ADVERTISEMENT. 


This work forms part of Volume XXIX of the Smithsonian Contributions to 
Knowledge, and gives an account of researches, aided by grants from the Hodgkins 
Fund, on the emission and absorption of the gases of atmospheric air in the ultra- 
violet spectrum. 

Within the last fifteen years our knowledge of radiation has been greatly 
increased, and now embraces wide ranges of the spectrum heretofore unknown. 
Without assigning any place to the numerous kinds of “rays” whose discovery has 
been associated in the public mind first with the work of Réntgen, and later with 
that of the Curies, I am speaking here rather of the extensions of the spectrum in 
wave-lengths which are actually measurable and known. Thus beyond the red 
the spectrum has now been studied in practical continuity to a wave-length of 
nearly 100 microns; and at a great remove beyond this is another known region 
embracing the so-called Hertzian, or electric, waves now employed in wireless 
telegraphy. 

Beyond the violet, progress has been, relatively speaking, less rapid, unless 
indeed it shall prove that the Réntgen and other radiations fall in this region. 
But a great step in advance has been made by the unwearied and able investigations 
of the author of the present work, Doctor Schumann. 

The difficulties hindering research in the ultra-violet are great, and consist 
chiefly in the opacity of the usual optical media to the short wave-length rays. 
Quartz, for a long time considered best in this part of the spectrum, is found to be 
too opaque, and has been largely superseded in Doctor Schumann’s investigations 
by fluorspar for prisms and plates. Air, even in layers of a few millimeters 
thickness, is almost wholly opaque, and other gases absorb strongly. It has 
therefore been necessary to employ a spectroscope from which the air is exhausted 
to the highest practicable degree ; and this and other necessary apparatus Doctor 
Schumann has designed and constructed with his own hands, though aided by 
grants from the Hodgkins Fund of the Smithsonian Institution. Commercial 


photographic plates were found to have films too opaque for the recording of these 
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short wave-lengths, and the author was obliged to devise an improved method of 
coating the plates used in his investigation. 

This memoir contains an account of the special apparatus and method of using 
it, and continues with a description of the emission and absorption spectra of 
oxygen, nitrogen, hydrogen, carbon monoxide and dioxide and aqueous vapor for 
wave-lengths reaching in the case of hydrogen to about 0.10 micron. Illustrations 
of the apparatus and spectra accompany the text, and it is thought the whole will 
be a valuable contribution to knowledge, though but preliminary to the researches 
Doctor Schumann alone is continuing in this spectral region. 

In accordance with the rule adopted by the Smithsonian Institution, the work 
has been submitted for examination to a committee consisting of Doctor Carl Barus 
of Brown University and Mr. C. G. Abbot of the Smithsonian Astrophysical 
Observatory. 

S. P. Langley, 
SECRETARY. 
Smithsonian Institution, 
Washington, September, 1903 





ON THE ABSORPTION AND EMISSION OF 
Pre AND TTS INGREDIENTS FOR LIGHT 
Or WAVE-LENGTHS FROM 250%. TO 100s, 


By Vicror Scuumann, Pu.D. 


(TRANSLATED FROM THE GERMAN MANUSCRIPT BY CHARLES S. PEIRCE.) 

The present report describes the most essential results obtained up to the end 
of the year 1900 in an unfinished investigation which was begun at the end of 
March of the same year, and was continued without interruption during the in- 
terval, this research having had the support of a grant from the Hodgkins Fund of 
the Smithsonian Institution. 

General considerations.—The chief instrument of this investigation was a 
vacuum-spectrograph with lenses and prism of white fluor-spar. / 

In a general way, its mechanical arrangement is that of an ordinary spec- 
troscope with collimator and telescope; except that a little photographic camera 
takes the place of the eye-piece. Its parts, however, have air-tight connections, 
so that a high vacuum can be produced in it by a mercurial air-pump. 

Figs. 1 to 9 are photographie reproductions of the original working drawings 
in accordance with which the apparatus was constructed by my own hands; so 
that any instrument-maker who may desire to undertake the execution of such a 
vacuum-spectrograph may trust implicitly to these figures. The following ex- 
planations may be useful. 

Figs. 1 and 2 show the photographic plate-holder open. It is adapted to 
plates 37 x 12.7 mm. 

Fig. 3 shows a key by means of which the plate-holder can be shoved into the 
camera, and by which it can also be withdrawn. 

Fig. 4 is the slit with its three micrometers, a’, 7, y". The first of these, a” 
(1 division = 0.001 mm.), regulates the width of the slit. The second, “” (1 
division = 0.01 mm.), adjusts the length of. the slit. The third, y” (1 division = 
0.1 mm.), serves to shift the adjustable diaphragm which regulates the length to 
any part of the slit that it may be desired to employ. The screw c” effects the 
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fine adjustment of the slit to parallelism with the refracting edge of the prism. 
The three micrometer screws are rendered air-tight by means of the three steel 
aoe cones, m", 8", w". The slit box d" is 
<a zs connected with the source of light 
i i through a cover shown in Fig. 5, e”. 
This cover, ¢’, carries by a flat 
ground greased joint the Geissler 
tube, which is centered by the steel 
fig 3t 2) rT pine”, and after centering is secured 
Fics, 1-3. PHoToGRarHic PLATE-HoLDER, NATURAL SIZE. against lateral shifting by a slide, 
h". Tt is needless to say that the 
steel pin is withdrawn when the centering of the tube has been effected. The 
mode of connection of the tube with the vacuum-spectrograph does not permit the 
two to be filled independ- 
ently of one another with 
such gas as may be under 
investigation at the time. 
It will not do to fill both 
unless the gas is  suff- 
ciently transparent. This, 
however, is not the case 
with the majority of gases ; 
so that a window has 
usually to be interposed 
between the Geissler tube 
and the cover, ¢”, so as to 
diminish the thickness of 
the stratum of gas to be 
traversed by the rays. The 
same arrangement is use- 
ful in photographing by 
sparks and are-light. In 
case the observation is not 
to extend farther to shorter 
wave-lengths than 155 py, 
a sufficiently thin quartz 
window will answer the 
purpose. For more re- 
frangible rays it is not 
transparent enough, and 
white fluor-spar is the only Fic. 4. SLIT WITH THREE MICROMETERS, NATURAL SIZE. 
suitable material. 
Fig. 6 shows a section of the part in which the prism (which appears in Fig. 
sas) is set up, A thick-walled cone, 4, is rigidly connected with the collimator. 








cross-section, must be shoved into the inner cone, b', through the slot, 2’, in dark- 
soon light. When the cone is turned, the plate-holder comes before the opening 

i ; ‘ : : ; >) 
m', and is exposed to the rays from the prism. A certain amount of air is 
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Fic. 6. Cross-SECTION OF PRISM-HOLDER. 
Fic. 5. CONNECTION WITH GEISSLER TUBE. NATURAL SIZE. HALF NATURAL SIZE. 


unavoidably introduced when the plate-holder is shoved in; and in case this inter- 
feres, it has to be pumped out before the exposure begins; and it will sometimes 
even be requisite to wash out the entire interior of the spectrograph with 
hydrogen. 

Working in dark-room light involves many inconveniences; and I have, there- 
fore, lately provided the plate-holder with a brazen 
sheath which is shoved into a vertical groove made in 
k'. In this way, the plate-holder can be introduced 
into the camera, quite light-tight, in full daylight. 

Fig. 8 is the elevation of the spectrograph. 7 is 
the prism-stand with the prism, 4, upon it. It rests, 
free to turn, upon a conical pivot of the little table, /, 
which is rigidly connected by a screw-thread with the 
steel axis, g; and this in turn carries the alidade, i 
at the bottom outside the vacuum. The apparatus is 


connected with the air-pump by means of the ground- Fic. 7, Cross-Section oF CAMERA. 
HALF NATURAL SIZE. 





glass cock, 0. The two thumb-screws, ¢, and fy, serve 
to focus the lenses of the collimator and telescope respectively. At the right-hand 
| side of them the camera is seen in section, showing the photographic plate, 7, 
with its plate-holder. The micrometer, s’, above it (1 division = 0.1 mm.), serves 
to move the plate in its own plane parallel to the refracting edge of the prism. 


This is requisite in case several exposures are to be made successively without 
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A hollow eo , very accurately er i i 
ee ne, d, very accurate ly ground to fit upon 4, is capable of turning round 
1 ae G. of its opening, d, d,, and carries the camera. 
g ws the camera in cross-section. The plate-holder, drawn in the 


changing the plate. 
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Fig. 9 is the horizontal plan of the spectrograph. ‘The slit is shown at d’, with 
the collimator-tube, ¢, in which there is a peep-hole, w,, indispensable for the 
adjustment of the lens. The telescope has a similar peep-hole, v7). The telescope 
carries the camera, which is provided with handles, 7’, for the purpose of turning 
its interior cone, Upon the outer cone of the camera the drawing shows a 
divided are whose divisions are whole degrees. This serves for the adjustment of 
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Fic, 8. ELEVATION OF SPECTROGRAPH. HALF NATURAL SIZE. 


the inclination of the photographie plate to the optical axis of the lens; which de- 
pends upon the refrangibility of the rays to which exposure is to be made. With 
a sixty-degree prism of fluor-spar, this angle of incidence is 68° when light of wave- 
length 185 4 falls on the middle of the plate. From that point on, it diminishes 
considerably with the wave-length ; so that for the most refrangible region photo- 
graphed by me it only amounts to 55°. The camera has a counterpoise, g. At 7 
is the index for the setting of the angle between the optical axes of the two lenses 
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Pe to different portions of the spectrum. At / is the vernier for the 
alidade of the prism; but for a very setting thi ier is insuffici 7 
p ; but for a very fine setting this vernier is insufficient, and a 





Fic. 9. HorizoNTAL PLAN OF SPECTROGRAPH. IIALF NATURAL SIZE. 


micrometer (not shown in the drawing) is connected with it, so that the angle 
may be read to two seconds of are. This is used in the measurement of the 
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wavelengths with a plane grating and lens in vacuo. The six rods arranged star- 
wise about the main cone are handles of a large nut (see s in Fig. 9) which serves 
to loosen the outer cone in case the apparatus is to be taken down to renew the 
grease or for any other reason, For the greasing causes the two cones to cling 
together remarkably. The screws, w’ (Fig. 8), of the camera and the nut, 7” (Fig. 
9), of the slit-carriage serve similar purposes. 

The entire spectrograph, with the exception of the main axes, the micrometer- 
serews, and the slit-jaws is constructed of brass. The air-tightness of the instru- 
ment depends no less upon the homogeneity of its material, especially of its 
castings, than upon the accurate workmanship of its execution. 

All the closing surfaces of a chamber from which the air is to be exhausted, 
no matter how accurately they may be ground together, require, in order to sustain 
the vacuum, to be lined with a tightening medium. For this purpose, after having 
tried various kinds of grease, 1 employ a mixture produced by melting together 
five parts by weight of white wax with seven parts of the yellow vaseline of Chese- 
brough & Co. of New York,’ the mixture being twice filtered through a hot 
funnel. Care must be taken to have it free from dust, since even small particles 
of dust, especially filaments, if they get into the grease between the smeared sur- 
faces, may endanger the tightness. In the heats of summer it is advisable to 
diminish the proportion of vaseline. This grease is sensitive to light, and on ex- 
posure shortly turns dark yellow; but this coloration does no harm in the present 
case. I must warn experimenters against the employment of white vaseline; for 
(at least, when mixed with white wax) it oxydizes the brass-work quite con- 
siderably. The application of the coat of grease to the bearing surfaces is a matter 
of great importance for the tightness of the apparatus, as well as for its efficiency. 
Above all, before laying on the grease, the surfaces upon which it is to be laid 
have to be cleaned with the most scrupulous care. Then, having carefully ex- 
amined them to see that no little filaments have settled upon them, one should lose 
no time in proceeding to the application of the grease. In doing this, [make use of 
a spatula of a thin lancet shape made of instrument-makers’ dogwood (Auonymus 
europaeus). The grease is to be laid on more or less thickly, according to the size of 
the surface; but in any case it should be applied as uniformly as possible. In the 
case of the great cones, I go all over the film so produced with my finger, which I 
have previously scrupulously cleaned, rubbing the grease in, in two directions. Of 
course, only one of two surfaces which are to be put together is greased. 

When the surfaces are small and are optically plane polished, such as those of 
the fluorite window, the grease will better be laid on with the finest grade of 
photographers’ retouching pencil, so that the film may be as thin and narrow as 
possible. If, in doing this, one keeps the line of grease as far as possible from the 
border of the inner opening, one will easily prevent any grease from getting into 
the interior of the apparatus when one puts the window into place, a dry strip 

‘In another part of this Report I have recommended watch-oil,—a discrepancy due to my only 


recently having resorted to vaseline, and to the circumstance that this description of the instrument 
has only been inserted in the report long after the main part of it was submitted, 
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remaining between the line of grease and the border of the opening. This is a 


matter of consequence; because any grease exuding into the inside gradually 
spreads over the entire surface of the window and powerfully absorbs the most 
refrangible rays. The state of the film of grease has, however, no greater influence 
upon the duration of the air-tight closure than has the form of the bearing surfaces. 
We know by the behavior of the glass cocks of the mercurial air-pump that cones 
without openings close tightly for years, even though they be in frequent motion, 
like the above-mentioned cones of the micrometers and main axes. Less trust- 
worthy are plane annular and discoid surfaces, particularly if they be subject to 
frequent movement. Still less secure are rectangular surfaces that are subject to 
motion of translation. But the air-tightness is diminished in quite a surprising 
degree by openings through the bearing surfaces such as the passage of light or of 
the gas to be exhausted may demand. Such openings, as I have found in the case 
of optically plane surfaces, have a tendency to shove the grease together at the 
openings, and thus gradually to denude the bearing surfaces, and in this way to 
form a canal into the exhausted chamber; and this canal, though fine at first, soon 
increases in cross-section, so that the air, which at first enters only in excessively 
small amount, soon begins to pour in in larger volume, especially if the closing 
parts continue to be moved from time to time. When this sort of leakage once sets 
in, there is no other remedy than that of replacing the spoiled greasing by a fresh 
one. The circumstances most adverse to tightness are where there are plane slides 
moving rectilinearly over rectangular openings. Here the denudation of the sur- 
faces from grease at times takes place after but little sliding back and forth; so 
much so, that, with some kinds of grease, I never could succeed in getting an air- 
tight closure. For such surfaces Chesebrough’s vaseline, without wax, answers best. 
Slides of this kind ought to be provided with the largest possible bearing surfaces, 
such surfaces presenting a longer resistance to the tendency of the air to pour 
in. Here may be mentioned another inconvenience which regularly occurs as soon 
as the greased parts come to be frequently moved, as for example is the case with 
all the cones. The initial facile mobility of these parts is of short duration. After 
some use they begin to run considerably harder, and where the bearing surfaces 
are subjected to stronger air pressure they begin to oppose no little resistance to mo- 
tion. This inconvenience is most felt in the cold part of the year when the grease 
is harder. This can only be remedied by frequent greasing of the surfaces in ques- 
tion. The considerable resistance which the great cones of the camera and of the 
prism-block offer to turning calls for an installation which shall prevent lateral 
displacement. Otherwise, the glass tubes leading to the air-pump will be exposed 
to constant danger of breakage. I have met this need in my spectrograph by 
bridging over [each of 7] its three levelling-screws with aS shackles of the 
form here shown, so that the screws perfectly permit a vertical, but no lateral, 
motion of the apparatus. A still more detailed description of this spectrograph is 
contained in my report to the Imperial Academy of Vienna: Sitzwngsberichte der 
haiserlichen Akademie der Wissenschaften in Wien ; mathem-naturw. Classe, vol. 
cii, Part Ia, June, 1893, pp. 625-694. 
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The exhaustion of the spectrograph was effected by a Geissler mercurial air- 
pump. The source of light was usually a Geissler tube of the “end-on” form, the 
rays entering and leaving the tube through plates of quartz or fluor-spar. Occa- 
sionally, electric sparks from metals were employed. The discharge was furnished 
by a Ruhmkorff coil giving sparks of 25 em., the primary current being derived 
from a number of Grove cells. The electro-motive force and the intensity of the 
primary current were accurately measured. To furnish layers of the different 
gases for observations of absorption, air-tight brass tubes were interposed length- 
wise, coaxially with the collimator, between the source of light and the spectro- 
craph. They could be exhausted and filled with the gas whose absorption was to 
be studied. The lengths of the tubes therefore correspond to the thickness of the 
strata of gas which measured 65, 30, 25, 20, 15, 10, 5, 2} cm. Most gases appear, 


even in very thin strata, strongly to absorb the rays of the most refrangible parts 
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of the ultraviolet spectrum. Some gases exercise a general absorption, while others 
cive characteristic rising and falling selective absorption-curves, Since these curves 
interest physicists for various reasons, I have constructed a special apparatus for 
the exhibition of them in the photographic way. This is shown in Fig. 10 in half 
its natural size. The principle of it is as follows: 

A Geissler tube filled with hydrogen, or other gas, sends its rays to the prism 
through a chamber of variable depth provided with two opposite and parallel walls 
of fluor-spar, and filled with the gas to be investigated at atmospheric pressure. 
One of the windows remains fixed, while the other can be so shifted in the direc- 
tion of the rays that the distance apart of the two can be continuously varied from 
to 15 mm. This distance is evidently the thickness of the plane-parallel gas- 
stratum to be investigated. This whole apparatus is put in the place of the cover 
of the slit-earriage marked e”, in the foregoing description of the vacuum-spectro- 
eraph, so that the capillary is in line with the produced geometrical axis of the colli- 
mator. The apparatus is constructed in detail as follows: The cover, ¢ (Fig. 10), 
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that fits to the slit-carriage of the spectrograph is connected air-tight with the body 
of the absorption apparatus ; that is, with a thick-walled hollow cylinder of brass. 
In the interior of the hollow cylinder there is a tube of cast-steel which can be 
displaced along the axis by the aid of a milled-edged disk provided with a female 
screw-thread within. The measure of the displacement can be read upon the two 
scales visible in the picture; namely, the whole millimeters upon the longitudinal 
one, and the tenths of millimeters upon the circumferential one. Upon the face of 
the steel tube turned toward the cover, ¢, is fixed the fluor-spar window that is 
moved with the tube, while upon the inner plane surface of the cover, ¢, the other, 
which is fixed, abuts upon the central light-opening, which leads to the slit. The 
two windows remain in parallel planes, whatever their distance apart may be. The 
air-tight connection between the steel tube and the brass cylinder, « (Fig. 10), 
is effected by means of a ring of sole-leather turned upon the lathe and having a 
cross-section 3 millimeters squar®, this ring being pressed against tube and cylinder 
by means of an annular female screw. For the same purpose, the greatest care 
was taken in preparing the steel tube and its brass guide, to render the cylindrical 
surfaces precisely circular. To the milled disk, 4, the Geissler tube, ¢, is fastened by 
its rim. As the medium of attachment the above-mentioned mixture of wax and 
vaseline is employed, a small amount being laid upon the rim of the tube. In this 
case the tube cannot be adjusted by a steel pin as it is adjusted to the cover ¢” ; and 
the following process has to be resorted to: The apparatus by the annular shoulder 
of ¢ is stuck into a well-fitting ring, not too light, in which it can be steadily turned 
about its axis. A suitable pin-hole is now arranged, or better, a short-focussed read- 
ing-telescope is directed so as to place the middle of the mouth of the capillary 
upon the cross-wires. Then, by turning the apparatus round through 180°, and 
shifting the tube by a suitable amount, it will easily be accurately centered. Lest 
the centering so attained should be lost, which at first, before the exhaustion, might 
easily happen, while the tube is only attached by the grease on its rim, four guides, 
d, sliding in the radial grooves of the disk, , are delicately pushed up against the 
wall of the tube, and are secured there by their screws, Further, to render the 
centering quite secure, the support g is required. The lateral part of the Geissler 
tube that carries electrodes should rest against this support throughout the opera- 
tion of centering, and should continue to do so thereafter. These precautions 
would, indeed, be needless if the rim of the Geissler tube were precisely on 
the circumference of the base of a right cone having its vertex at the center of the 
mouth of the capillary. But this condition is not fulfilled, and could be only 
at great cost; so that the cheaper arrangement with the support, g, is preferable. 
What is indispensable is that the bearing surface of the rim of the tube shoule 
be optically plane and should lie in a plane to which the axis of the capillary 
is perpendicular; the former condition being required for air-tightness, and the 
latter for the uniform illumination of the slit. 
The filling of the Geissler tube is performed through the spectrograph, which 
is for this purpose connected with an apparatus for the evolution of the gas 
wanted. The gas then flows in through the cock, 7, and through a narrow channel 
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continuous with this, and having its orifice near the Geissler tube. When the cock 
is closed, the tube continues to hold its gas while the spectrograph is exhausted. 
Although the gases of the tube and of the absorption-chamber are only separated 
by the steel tube, Ihave never found that even hydrogen entered the latter, diffusi- 
ble as that gas is. The gas whose absorption is to be investigated flows into the 
absorption-chamber through the tube, /, and leaves it through a second tube placed 
diametrically and having its further end a little below the surface of some mercury. 
The mercury forms an escape-valve effectually preventing the entrance of atmos- 
pherie air, while a very slight over-pressure will cause an outflow. 

The circumstance that the steel tube and its bearing are of different materials 
has the disadvantage that, owing to the different expansibilities of the two metals, 
the steel tube in the cooler part of the year does not move as readily as it should ; 
and besides, the bearing may be injured. The bearing was originally fitted with 
great accuracy at the mean temperature of the room. Experiments that were 
instituted upon the appearance of this inconvenience showed that the reduction of 
the temperature by only a few degrees Celsius would suffice to damage the bearing 
and sometimes even the tube itself, if this were moved. Since the whole utility of 
an apparatus upon the design and construction of which no little pains had been 
bestowed was thus placed in jeopardy, I provided it with a little heater consisting 
of a water-jacket, &, to enclose the brass cylinder, a, at the point of the bearing of 
the steel tube, which water-jacket, by the aid of a funnel-shaped projection that 
stands vertical when in use, could be filled with water, and then, by means of the 
warming-tube, m, could be warmed to 27° C. by a little alcohol flame. At this 
temperature, or even a couple of degrees higher, the apparatus works faultlessly. 

It may be thought that it would have been better to construct the whole 
apparatus of one metal. But there were certain technical objections to this into 
which it would lead me too far to enter here. It may be added that the apparatus 
has no pretension to universal applicability, being restricted to the study of such 
gases or vapors as are chemically indifferent to steel and to fluor-spar. The pre- 
paration of the atmospheric gases proceeded throughout in vessels connected by 
eround-glass fittings. The same thing is true of experiments with the gases which, 
as will be shown, enter as impurities into the Geissler tubes, such as CO and C,, H,, 
whose influence, as appeared in the course of my investigation, required searching 
attention, 

For photographic experiments ultra-violet plates prepared according to my 
process could alone be thought of, since the gelatine plates have not sufficient 
sensibility for rays beyond 185 “4 For although the gelatine plates are not 
completely insensitive for those rays, yet they are so inefticient that nothing more 
than a barely visible and worthless continuation of the spectrum appears in any 
case. The cause of this want of sensitiveness is, as I formerly proved, the want of 
transparency of the gelatine. By keeping this fact in view, I have succeeded, by 
persistent experimentation, in reducing the proportion of gelatine on my plates 
until it ceases to do any harm. ‘The thickness of the sensitive layer is, at the same 
time, thus reduced to but one fifth of what it is upon the ordinary gelatine plates. To 
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this diminution of thickness is due not only their sensitiveness for the most 
refrangible ultra-violet rays, but also their power of promoting the optical efficiency 
of the photographic apparatus. What adds to the importance of this fact is that 
if the spectrum is to be sharply defined over the longest possible portion of it, then 
the rays will not traverse the sensitive layer perpendicularly, but will, on the 
contrary, have an angle of incidence of 60° to 69°. The short focal distance (the 
focus at 589 is 12 cm.) and weak dispersion (with a fluorite prism of 60°) of 
my spectrograph make the last named property of the ultra-violet plates inecompara- 
bly more important in the present case than with instruments of stronger disper- 
sion. And it is not the least of the advantages I owe to that property that 
the very small negatives of the part of the spectrum in question, in consequence 
of their uncommon capacity for enlargement, nevertheless answer the demands of 
exact spectroscopy. A numerical example will best show what my spectrograph 
was in this way able to do. Ina part of the hydrogen spectrum about 160 y« it 
resolved a length of 18 millimeters into more than 300 clearly marked lines. I 
need not say that very exact edges and very narrow opening of the collimator-slit 
were needed for this. My negatives measure 37 by 12.7 mm, The image of the 
spectrum appears upon them upon a ground as clear as glass. It bears a far greater 
enlargement than is possible with ordinary gelatine plates. 

Filling the absorption and emission tubes.—The absorption-tubes were filled at 
the atmospheric pressure, at first merely by drawing the gas through them for 
a long time before the final filling. But it was found that the air was not in this 
way as completely expelled from the tubes as my experiments required, since even 
a small residue notably altered the transmissivity of the gas concerned. Conse- 
quently in the later work, the tubes were pumped out before the gas was allowed 
to enter, and were then repeatedly washed out with the gas. The connections of 
the apparatus for the evolution of the different gases with the absorption-tube 
would have been much easier manipulated if india-rubber could have been used for 
them. But my experiments showed that such tubing, because of its exhalations, if 
for no other reason, may introduce such impurities into the tube as to render it not 
fit for use, giving the spectrum a totally different appearance. I also ascertained 
that leakage of air was to be feared even with the thickest india-rubber tubes. 
For example, through an exhausted Para-rubber tube of 40 centimeters length, 1.15 
em. external diameter, and 0.35 cm. internal diameter, 2.4 (cm.)® of air passed 
in fifteen hours. But I attribute only a subordinate prejudicial effect to the air 
that was carried in through this tube along with the gas, because the washing ovt 
and filling of the absorption-tube was at that time done at the ordinary pressure, 
so that but a very small amount of air would enter, and because there was nothing 
in the appearance of the spectrum as altered by the influence of the rubber to 
suggest the influence of air. This opinion was confirmed by the reer 
that when this tube of Para-rubber was replaced by a tube of black rubber, 
such as is often used to make connections of chemical apparatus, the distribution 
of energy in the spectrum underwent a new change: namely, while with the former 
tube the spectrum was weakened generally, the use of the black tube completely 
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annulled the effect of the rays at a wave-length of about 162 “# through an 
extended stretch. This behavior of india-rubber led me, in the sequel, to con- 
nect the apparatus only with glass tubes and a metallic-screw closing device, 
which depends upon having optically plane surfaces which are pressed together 
with great foree. I have used this clamp for different purposes and with constant 
success. 

In the preparation of the emission tubes (Geissler tubes), several difficulties 
arose. The first of these lay in attaching a suitable window ; for glass is entirely 
opaque to such short waves. Quartz is eminently proper for the purpose, and 
fluor-spar is still more so, since it allows the most refrangible rays to pass freely, 
which quartz, as is well known, does not. Quartz has the advantage of greater 
hardness, which is no small consideration owing to the frequency with which the 
windows have to be taken off and cemented on again. Fluor-spar is relatively 
soft and in constant use, especially when its surfaces are often cleansed, is hard to 
preserve from damage. Moreover, there is a circumstance which has narrowly 
limited its applicability for the windows of Geissler tubes in my experiments. The 
state of things is this. With Geissler tubes we are led to employ the end-on form 
for the most refrangible ultra-violet, because it gives a greater emission of light 
than the cross-wise tubes, and, besides, it is better adapted to the insertion of a 
plane window. I follow the usual practice of giving such a tube a plane rim at 
one end upon which the window is readily fastened. But this closure, to be ab- 
solutely staunch, is a more difficult matter with the rays here concerned than one 
would think. The closure must fulfil three conditions, to wit: Ist, it must cut off 
the photographic energy as little as possible; 2d, it must not soil the purity of the 
gas in the tube; 3d, it must easily be removed without damage to tube or window. 
But none of the plans for closing tubes hitherto known satisfy these conditions, not 
even the grinding out of quartz in the manner published by me in 1886, since, be- 
cause of its great thickness, it absorbs too much refrangible rays. For my experi- 
ments, therefore, a more suitable method of closing had to be invented. Of several 
processes to which my thorough trials led me, the following has satisfied me best: 
The rim of the tube and the closing plate, which latter should only be 1 mm. to 
2 mm. thick, after being carefully cleaned, are put together and held with a clamp 
which must not be too large, so that there can be no lateral displacement. Then 
the joint between the tube and plate around the latter on the outside is to be 
painted with a thick coat of soluble soda-glass. After two or three hours, when it 
is dry, a second coat is to be applied. A third would make the tube stauncher, but 
it is not absolutely necessary, Such a tube will bear the highest exhaustion that a 
Geissler tube can take, while by scraping away the crust of water-glass with a 
knife, which is easy, the tube is opened without trouble and readily closed again. 
The convenient opening and closing is an important point in observations of the 
ultra-violet, because the inner surface of the quartz window often after a brief use 
gets a deposit upon it, which partly absorbs the most refrangible rays, and, indeed, 
sometimes entirely cuts them off, an inconvenience which is the more troublesome 
because the deposit is generally invisible to the eye. Water-glass proved most 
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useful with quartz, but did not work well with fluor-spar. In this ease, the layer 
of luting loosens itself, usually in a short time, from the fluor-spar and crumbles 
away. Of course, this throws doubts upon the security of the closure. It is 
possible that a much thicker coat than that I used would answer better. I have 
not, however, tried it, but have employed as luting for the fluor-spar a mixture of 
white wax and clock-maker’s oil, which is spread in a very thin layer forming 
band half a millimeter broad, in a ring round the end of the tube. Now pressing 
down the fluor-spar disk a neat and perfect closure is obtained; and it is loosened 
even easier than the water-glass. It has, however, the inconvenience of soiling the 
gas in the tube after long illumination, by producing fatty vapors. 

The source of light for the absorption experiments.—The best thing for this 
purpose would be a Geissler tube which should give a continuous spectrum of 
equal intensity of energy in all parts. Unfortunately, no single tube meets this 
requirement completely. The hydrogen tube, however, does so in part, giving 
a continuous spectrum down to 170 “4, where begins a rich line spectrum of toler- 
ably uniform distribution of energy, Such a tube closed with fluor-spar has given 
me good service in my absorption experiments, particularly by its continuous spee- 
trum. <A merit of it not to be undervalued when long exposures are required, as 
they sometimes are, is that it has an uncommon photographie brightness. For 
comparison spectra I have employed the spark-spectra of hydrogen, aluminum, and 
eadmium, which were photographed beside the absorption-spectra. 

The source of light for the emission-spectra.—These spectra were given by 
Geissler tubes of different shapes and arrangements, closed with quartz. Some of 
these tubes, after being filled, remain in connection with the air-pump, so that they 
can readily be emptied and refilled. Others are melted off like ordinary Geissler 
tubes, before they are attached to the spectrograph. For some investigations, how- 
ever, none of these tubes will answer. In such cases, Paalzow-Vogel tubes of the 
Paschen-Runge pattern were preferred. In these, the place for the discharge com- 
municates at both ends through liquid valves, of which one consists of sulphuric 
acid and the other of a solution of bichromate mixed with sulphuric acid, with 
which the air-pump is so connected that the pumping out of the tubes can go on 
unhindered, while the vapors from the mercury and from the grease of the pump- 
cocks are kept away from it. At the same time, the sulphuric-acid valve of such a 
tube, of which the receptacle is arranged as an apparatus for evolving hydrogen and 
oxygen electrolytically, serves to produce the oxygen and hydrogen to fill the tube. 

The filling of the tubes has hitherto been limited to 


a 


Nitrogen 

Oxygen 

Water 

Carbon monoxide 
Carbon dioxide 


Hydrogen. 


These gases have been in part obtained from the atmosphere, and in part have 
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been chemically or electrolytically produced. After being carefully purified, they 
were dried with phosphorus-pentoxide and in some cases with sulphuric acid. 

The pressure in the absorption-tubes was equal to the atmospheric pressure at 
the time. In the emission-tubes, it varied from 0.05 to one centimeter of mercury- 
pressure. 

The electric discharge was effected either by the Ruhmkorff coil alone, or with 
a Leyden jar, or Leyden jar and spark gap interposed into the circuit, or a Leyden 
jar and a Hemsalech self-induction coil. The primary current never exceeded 2.5 
amperes and 10.5 volts. 

Difficulties.—Before I touch upon the results thus far obtained, I must allude 
to a phenomenon which I encountered as soon as I took my first emission-spec- 
trograms. The fact substantially was this. I photographed the spectrum of a 
Geissler tube filled with air, and obtained a spectrum of considerable photographie 
effect compounded of numerous thickly successive bands shading off on the red 
side. Numerous repetitions of the experiment confirmed the result. I concluded 
from this that I was dealing with the spectrum of air or, at any rate, of one or more 
of its ingredients. But when I came to examine the latter separately, as I had 
done the air, I found that the same supposed air-bands dominated every one of them. 
With carbon monoxide and carbon dioxide, however, they were much stronger; 
while with water and hydrogen they were weaker. After comparing these photo- 
graphs with one another, no room for doubt seemed to remain that these bands be- 
longed to a carbon compound which presumably had been derived from the fat of 
the air-pump cocks and from the occluded and absorbed gases of the inner wall 
of the tube. However, increased care in cleaning the tubes and in the production 
of the gases to fill them, from which I promised myself better success, made no 
difference; the bands remained as strong as before. Now, in order to keep the 
airpump vapors of the cock-fat and mercury completely away from the place of 
discharge, I exchanged the Geissler tubes, which had up to that time been em- 
ployed, for Paalzow-Vogel tubes. By way of greater precaution, these tubes, 
before being used, were cleaned for twelve hours with a solution of bichromate of 
potassium in concentrated sulphuric acid, to destroy any impurities of organic 
origin which might be present, and were then repeatedly rinsed out with distilled 
water, and were forthwith closed with a quartz window and water-glass, and dried 
by the air-pump, though the two sulphuric-acid valves of the tube itself had in the 
main effected this. In this way, the penetration into the tubes of particles of dust, 
which might have occasioned the formation of carbon compounds, was as far as 
possible prevented. By thereupon washing out the place of discharge with oxygen 
which was evolved from the sulphuric acid of the electrolytic apparatus belonging 
to the tube, I promised myself, judging by the visible bands of carbon compounds, 
the sure attainment of my object. Still, these means too proved without effect. 
Thereupon the suggestion presented itself that occluded gases from the aluminum 
electrodes might have caused the bands, and the electrodes were laid aside and re- 
placed by glass cylinders covered with tin-foil. But in spite of all, the bands after 
this alteration remained intact. The tubes were now furnished with new aluminum 
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electrodes obtained from another source, but there was no change in the spectra. 
The bands afterwards, as before, were the regular accompaniments of the photo: 
graphs of the spectra of hydrogen and of oxygen. As a last attempt in that di- 
rection, I shall use a form of Geissler tube which is under construction and which 
is so arranged that, in the cleaning during exhaustion, a far more energetic heating 
can be attained than was possible for the tubes previously employed. | | 

It ought not to go unmentioned that all the tubes were observed with a spectro- 
scope both during the cleaning and during the photographing of the spectrum with- 
out any impurities making themselves noticeable. This shows how little the visible 
spectrum can serve as criterion of purity, in filling a tube. The most refrangible 
ultra-violet is far better adapted to the purpose, and according to my observations, 
the most sensitive spectral reactions belong to the region of the shortest waves. 

Production of the ingredients of air and the spectrographic results—1 pass 
now to the results directly relating to my investigation. Since these results are 
not complete, notwithstanding: my numerous experiments, I can in this preliminary 
communication only give the most important of them, and not even those without 
reserve. For it is clear that, as long as the question of the origin of the supposed 
bands of oxide of carbon is open, a not inconsiderable measure of uncertainty at- 
taches to them all. Besides this, substantially nothing is known of the part of 
the spectra of gases to which my observations relate, so that at no point did any 
information come to me from the scientific literature. Finally it ought not to be 
forgotten how difficult the analysis of the facts relating to spectra in Geissler tubes 
has, at all times, been found, and how little we really know about the subject to- 
day, notwithstanding the fact that scarcely any other part of spectroscopy has oc- 
cupied so much acumen and gift for observation as the exploration of the spectra 
of electrical discharge-tubes. 

I begin with the spectrum of 

Nitrogen.—It was prepared in two ways: first, by passing air over potassium 
pyrogallate; and, secondly, from potassium nitrate and ammonium chloride. It 
was dried with phosphorus pentoxide, over which the gas remained standing for 
some time before it was passed into the tube. Nitrogen proved itself very trans- 
parent, even beyond 162 ““; yet it absorbed particular wave-lengths very ener- 
getically. Its emission-spectrum consists of a number of groups of bands of 
moderate photographic power shading off toward the shorter wave-lengths and 
ending below (that is on the less refrangible side of) 185 w= The observation of 
this spectrum is uncommonly interfered with by the bands of carbon monoxide 
overlying it. Beyond 185 “#, I have been unable to prove any mitrogen bands. 

Oxnygen.—Electrolytically formed oxygen was exclusively employed. | The 
earbon dioxide which was invariably present in small amount at the beginning of 
the evolution was eliminated by caustic potash; the aqueous vapor, by phosphorus 
pentoxide or sulphuric acid. In passing to the absorption-tube, the gas was 
strongly heated in order to destroy the ozone. Oxygen absorbs the rays in the 
neighborhood of 185 //“ in a series of clearly resolved groups of lines, fourteen in 
number. These groups, which are of band-like form, constantly approach nearer one 
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another with their deviation, and are shaded off toward the red. Complete absorp- 
tion is found with the most refrangible of them. It is this which makes the air 
opaque for all rays beyond 185 “ The presence of a moderate amount of ozone 
did not alter the absorption at all. 

The emission-spectrum of oxygen is compounded of three continuous maxima, 
of which the most refrangible is the strongest. It lies at about 185 “4 The ob- 
servation of these maxima is attended with considerable difficulty, on account of 
their slight photographie efficiency and because of the bands of oxide of carbon 
which appear with them, It succeeds best with a Paalzow-Vogel tube and 10 to 
16 mm. of mereury pressure. With much smaller pressure even these tubes, 
though completely guarded against fat and mercury, gave dominating bands of 
carbonic oxide which hardly allowed the oxygen maxima to appear. It is surpris- 
ing that I have in this region never obtained lines of oxygen. True, traces of them 
sometimes emerged upon the maximum near 185 ##, but as soon as I tried to bring 
them out by longer exposure, the bands of carbonic oxide appeared and covered 
the supposed lines, so as to make them invisible. Nor was it possible, notwith- 
standing numerous attempts, to bring out more refrangible rays than those of the 
maximum at about 185 “#4 It may well be assumed that the stratum of oxygen 
between the capillary opening and the window of the Geissler tube contributed to 
the ill success of this search by its defective transparency. This stratum might be 
considerably reduced in thickness, were it not that the deposit on the window 
would then become worse. Now this inconvenience seems to come on earlier with 
oxygen than with other gases. For that reason, I have not reduced the thickness 
of the stratum of this gas below 2 em., though with others I have not hesitated to 
go down to 1 cm. The deposit on the window takes place very easily with the 
Paalzow-Vogel tubes, especially if they have an outer covering, and is a very incon- 
venient adjunct of them. In this case, in a few hours’ use, it often goes so far as 
to produce complete opacity. The opening and reluting of the window thus neces- 
sitated is not only a waste of time, but, on account of the filling with sulphuric 
acid, a very dubious piece of work. 

Carbon dioxvide—This gas was prepared by the action of hydrochloric acid 
upon calcium carbonate. The gas was twice washed with a solution of sodium 
bicarbonate in water in order to eliminate the hydrochloric-acid vapor. It was 
dried with phosphorus pentoxide, 

The absorption-spectrum of carbon dioxide is similar to that of oxygen. Here, 
too, there are indications of a rhythmical series in the shape of inverted groups of 
lines. But the end of this series is considerably more refrangible than that of 
oxygen. Accordingly, total absorption begins at a shorter wave-length. 

The emission-spectrum is overlaid with the bands of carbon monoxide, the 
unwelcome attendants of all my spectra. Its photographic action is uncommonly 
strong, and it extends far beyond 162 ju into the region of the shortest wave-lengths. 
I doubt not that, were the tubes sufficiently transparent, it could be photographed 
as far as the hydrogen spectrum extends. For its wealth of lines it stands unrival- 
led. I have not been able to make sure whether these bands really belong to car- 
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bon monoxide or not. The carbon dioxide itself seems not to participate in the 
photographic effect. For even the freshly filled tubes gave during the first dis. 
charges no other spectrum than the later photographs. Since the dissociation of 
the carbon dioxide, which according to the general assumption precedes these oc- 
currences, is dependent upon the height of the temperature, I have made prepara- 
tions to institute experiments in which the heat of discharge shall be far below that 
of the tubes I have hitherto used. I hope, in this way, to obtain better information 
than I have hitherto concerning the spectral behavior of carbon dioxide. 

Carbon monoxide —This concerns us here less as an ingredient of the atmos- 
phere, which contains it in very small amount, than as one of those impurities of 
Geissler tubes which have at all times created the greatest obstacle to the spectro- 
scopic investigation of gases. Carbon monoxide was prepared: Ist, from oxalic and 
sulphuric acids; 2d, from yellow prussiate of potash and sulphuric acid; 3d, from 
formic and sulphuric acids; and it was then washed with caustic potash solution 
to retain the sulphur dioxide or the formic acid, as the case might be, as well as 
traces of carbon dioxide. 

Carbon monoxide absorbs the most refrangible rays somewhat less than carbon 
dioxide, and gives, like oxygen, a series of rhythmical, inverted groups of lines. 
The clearness and sharpness of these lines are less than with oxygen, but far more 
perfect than with carbon dioxide. 

The emission-spectrum has already been sufliciently considered in treating of 
that of carbonic dioxide, so that I have nothing to add here upon the subject. 

Aqueous vapor.—The filling of the Geissler tube was effected from a small 
glass vessel with a faucet containing a few drops of distilled water. This vessel 
was melted on laterally to the tube connecting the Geissler tube with the air-pump. 
Aqueous vapor was evolved in the absorption-tube by introducing into it before 
exhaustion a little cup containing a few drops of water. Then, by pumping out 
the tube repeatedly, it was at last filled with aqueous vapor free from air. Un- 
fortunately this process has not, thus far, led to certain results, in consequence of 
the deposit of dew. I must, therefore, reserve a report upon this matter until these 
experiments have been repeated. What takes place in the tube of aqueous vapor 
is not clear. The spectrum differs according to the mode of discharge. It consists 
mainly of hydrogen lines, of the oxygen maximum of 185 ##, and of a great num- 
ber of other lines, concerning which I have not yet been able to make quite sure 
whether they belong to aqueous vapor or not. Upon these spectra is laid, in addi. 
tion, the more or less intense spectrum of carbon monoxide. Finally, by a suitable 
choice of pressure, form of tube, strength of current, and mode of discharge, all 
these spectra can be greatly weakened and the spectrum of the electrodes of the 
tube brought out. My numerous observations indicate a regular dissociation of 
the aqueous vapor into its elements accompanied by a simultaneous recombination 
to form water. I have been led to this conclusion more particularly by the study 
of the spectra of certain Geissler tubes which carried an absorption vessel Slane 
vessel, as the case might be, which was cut off from the proper place selec 
by a mercury valve, the arrangement being such that the vessel could be opene 
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and closed without trouble by simply turning the tube about its capillary axis. 
The absorbents used were phosphorus pentoxide, sulphuric acid, and platinum black. 

There is a phenomenon which readily comes into play in the Paalzow-Vogel 
tubes which I regard as affording a more certain proof that oxygen and hydrogen 
combine under the electric spark*even at a pressure of but a few millimeters: 
namely, if such a tube be filled with a mixture of the two gases, its initial bright- 
ness rapidly falls off, and after a short time the tube fluoresces in the highest 
degree. But the capillary shines forth more or less brightly. The only possible 
explanation of this phenomenon i is that, after oxygen and hydrogen have combined 
to form water, this is promptly absorbed by the sulphuric acid, which affords a 
relatively iarpe surface, and that there is consequently a great diminution of pres- 
sure, giving rise to the fluorescence. The gases were not nized by me in equivalent 
proportions, so that, after the formation of the water, one or other must have re- 
mained in excess, and this excess, enjoined with the ineradicable carbon monoxide 
from the impurities of the tube, would occasion the light in the capillaries. But 
although I followed these phenomena spectrographically, I have never obtained the 
lines which, in the other spectra of aqueous vapor, can be regarded as water-lines. 
Still, a reason for the Paalzow-Vogel tubes not giving these lines may be found in 
the circumstance that the vapor was too quickly absorbed by the sulphuric acid to 
give a spectrum for a sufficient time to make an image capable of being E puOIED aphi- 
ally developed. 

Hydrogen —Armand Gautier found that this gas in the free state occurs in the 
air in no negligible proportion. I should, therefore, in any case, have had reason 
to include it in the list of ingredients of the air here investigated. Besides that, it 
affords me an admirable comparison spectrum, For none of the spectra with which 
[ have become acquainted beyond 185 4 has its energy so uniformly distributed 
and such a wealth of lines as this. Nor is there any that extends so far as that of 
hydrogen. 

The gas was produced from the purest chemicals, sometimes chemically, some- 
times electrolytically ; and moreover, where it seemed necessary, it was most care- 
fully purified by sodium hydrate, silver sulphate, and potassium hydrate. Particular 
pains were taken in drying it; for the gas for the final experiments flowed through 
three successive vessels, filled with phosphorus pentoxide, with stop-cocks in their 
connections, in such a way as to remain for some time enclosed in each before it 
was allowed to escape into the next. 

The transparency of hydrogen had appeared by my former experiments to be 
uncommonly great. But my new experience has shown that it is a matter of great 
difficulty to attain perfect definiteness on this point, since the production of thick 
strata of pure hydrogen is well-nigh impossible. The walls of the place of absorp- 
tion will, even with the most scrupulous cleansing, always at last secrete small 
amounts of gaseous impurities; and these will affect the transparency of hydrogen 
more proportionately than they would that of other gases, precisely because its 
transparency is so extraordinarily great. At any rate, it is in that way that I explain 
the repeated contradictions in the results which 1 have obtained for the absorption 
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of this gas at different times. [accordingly abstain from making further statements 
upon this subject. | 

The spectrum of hydrogen ends, according to my latest results, far beyond the 
limit which I obtained in 1893 with the apparatus [ then used, and which by a 
merely estimated wave-length I placed at 100 4. This estimate, as will be iater 
shown, was by no means correct. The number of lines in the photograph, which, 
magnified 20 times, has a length of 1.4 meters, and of which a portion is shown in 
Plates I-III, I estimate as at least 1500. Hydrogen develops its highest photo- 
graphic efficiency at 162 x. At the supposed wave-length of 100 /# its effect sud. 
denly diminishes, and this is still more marked if in the path of the light from the 
tube to the photographic plate, one or more fluor-spar plates are interposed, a thing 
which the arrangements of the apparatus not infrequently call for, A single such 
plate 1 mm. thick may weaken the photographie effect at 100 4 by one half. The 
thickness of the plate is a secondary matter, for the loss of light depends chiefly 
upon the number of reflecting surfaces. We may conjecture that the cause of the 
enfeeblement lies in metallic reflection, possibly aided by absorption of light exer- 
cised by gases which these surfaces condense. The w vakening is by no means 
limited to the region mentioned, but with longer waves it is greatly diminished. 
It may be conjectured that, on the other hand, it increases with shorter waves. 

I proceed to give photographic reproductions twenty times enlarged from my 
photographed spectra. They are the only photographs of the hydrogen spectrum 
which have been obtained up to this time 7 vacuo or in an atmosphere of hydro- 
gen. In consideration of the not inconsiderable difficulties which had to be over- 
come in their production, and which still oppose the repetition of the experiments, 
it may not be deemed superfluous to enter into the details of the taking of this 
photograph further than, for ordinary photographs of spectra, is either necessary 
or usual. Vacuum-spectrography can be accomplished even now only under con- 
ditions of great difficulty. 

The spectrum that is mapped is that of the light of an end-on Geissler tube 
with a narrow capillary, such as is shown in Spectrum 5, Plate Il. This tube 
was connected with the collimator of the spectrograph. The four originals of the 
first eight enlarged photographs of this spectral series were obtained with a fluor: 
spar window interposed between the tube and the collimator, The other four 
were made without the window, since the spectra that they show would be unduly 
weakened by the window, and the time of exposure thus rendered extraordinarily 
long. In the former case, with the window in, the tube and spectrograph could 
be filled and exhausted independently of one another. But in the latter case, 
where tube and spectrograph were in communication through the open hole in the 
slit-cover, both contained hydrogen at such a pressure as the electrical discharge 
demanded. Since this pressure is only that of some centimeters of mercury, at 
highest, and since hydrogen is very transparent, since the depth of hydrogen 
through which the rays had to travel was only 30 em., since the deviation 
of the rays by the hydrogen must have been extremely small owing to its small 
refractivity, and the taking up of any impurities by the hydrogen in the interior of 
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the spectrograph could not seriously be feared, considering the many years during 
which it has been in use, I do not think that any of these sources of error can be 
supposed to have affected the correctness and purity of the photographs obtained. 

The rays in their passage to the photographic plate traversed a hydrogen 
atmosphere of moderate density, and not the exhausted interior of the spectrograph 
only. For the first five photographs, the gas, most scrupulously purified and dried, 
was led directly into the discharge-tube, and thence into the air-pump. In this 
way the tube was continuously traversed and eventually filled with gas which 
must have been either altogether or very nearly free from mercurial vapor. For 
the other seven photographs the hydrogen, obtained by the action of the purest 
zine upon the purest sulphuric acid, and afterward dried, was led through two 
meters of the air-pump tubing before entering the spectrograph and thence into 
the Geissler tube. Consequently, it could not, in this case, be so free from mer- 
cury as in the other. I have not, however, been able to perceive any particular 
disadvantage from the presence of the greater amount of mercury. 

The induction-current was given by a Ruhmkorff coil, fed by 5 Grove cells 
and giving sparks 25 em. long. The effective rays from the tube! traversed sue- 
cessively the fluor-spar window, the collimator-slit, the first lens, a 60° prism, and 
the second lens, over against which was the plate sensitive to ultra-violet light. 
The lenses and prism are composed of white fluorite. The lenses were plano-convex 
and had the same focal length, namely, 120 mm. for sodium yellow. The equality 
of the focal lengths made proper positions of the lenses to be at equal distances, 
the one from the slit and the other from the mid-plate. Since the refrangibility 
of the short-wave rays increases very fast in fluor-spar with decreasing wave-length, 
the focus rapidly shortens with the wave-length. The consequence is that the 
scale of the image of the line diminishes from the less refrangible to the more 
refrangible end of a photograph. In photographs patched together to show a long 
stretch of the spectrum this difference of scale makes itself unpleasantly noticeable, 
owing to the varying breadth. But on such short photographs as these of the 
hydrogen spectrum it may be neglected. 

When there was no particular reason for placing the prism symmetrically to 
the course of certain rays, the rule was to give their minimum deviation to the 
most refrangible lines of the part of the spectrum to be photographed at one 
exposure ; for this is the only way to get a uniformly sharp definition throughout 
the stretch photographed, If rays are to traverse the prism symmetrically, it will 
only be necessary, while preserving the equality of the foci of the two lenses and the 
minimum of deviation, to turn the camera-tube until those rays fall on the middle 
of the plate. For, as Fig. 9 shows, the camera is so constructed that, whatever 
may be the angle between the plane of the photographie plate and the axis of the 
lens, this axis must always cut the mid-vertical of the sensitive side of the plate, 
which coincides with the geometrical axis of the camera-cone. The considerable 
obliquity of the plate to the axis of the lens has, along with the advantage of about 


‘To protect the window from possible heating, the electrode farther away from the slit was 
made the cathode. 
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doubling the image of the spectrum, the disadvantage of rendering the operation 
of focussing difficult, inasmuch as the image of the slit partakes of the same 
enlargement ; so that, for example, the breadth of lines of about 185 # will be 
somewhat more than double the width of the slit, while lines of about the shortest 
wave-length hitherto photographed will be somewhat less than double the width 
of the slit. The edges of such a broadened spectral line correspond accordingly to 
two different focal distances. This difference becomes proportionately more notice- 
able the wider the slit and the shorter the focus. Since in my hydrogen photo- 
graphs foci down to 70 mm. occur and a width of slit of 0.010 mm. corresponds 
nearly to a difference of focus of 0.02 mm., it might be concluded that under 
circumstances so unfavorable no spectra good for anything could be produced. 
Nevertheless photographs of this sort are clearer than might be expected. The 
reason is that with this relatively wide slit the scattering of the rays by diffraction 
is of less importance than with narrower slits, although with the latter the disad- 
vantage of the difference of foci of the two edges is not noticeable. I shall return 
to the subject below. But a more serious difficulty arises from this cause ; and an 
acquaintance with it is desirable in adjusting a vacuum-spectrograph for the difter- 
ent photographic fields within its reach. The state of things is this: Before a 
vacuum-spectrograph is set to its regular work, it should be calibrated. That is to 
say, for each photographic field the following constants should be definitively 
determined ; the focal distances, the minimum deviation, the angle between the two 
optical axes, the angle between the sensitive plate and the optical axis of the tele- 
scope. I distinguish, for my apparatus, nine such photographic fields beyond 
185 yy. Suppose, now, that the observer has gone through with this arduous task 
of calibrating his spectrograph for its entire range, and has performed it with 
a somewhat wide slit; for to save time in the exposures he will naturally prefer to 
do it so. He will take, let us say,a width of 0.01 mm., and although his slit opens 
unsymmetrically, he will assume that this same adjustment is applicable for 
narrower slits. But with these he will find that the greatest sharpness of image 
has not the focus found for the wider slit, but a somewhat different one ; that, 
moreover, for the attainment of the highest sharpness of images the lenses can now 
be adjusted incomparably more finely ; and finally, that the useful part of the 
spectrum has materially suffered in length. The principal cause of this phenomenon 
is the oblique position of the photographic plate with reference to the optical axis ; 
but the unsymmetrical variation of the slit-width, that is, the assumed fact that the 
slit-carriage has only one movable jaw, aggravates it. It might seem that the 
difficulty could be obviated by a symmetrical slit. But little could be gained in 
that way; since the symmetrical motion of the slit-jaws with a slit of a micron’s 
width will present to the instrument-maker insuperable difficulties, as I have 
sufficiently convinced myself by extensive experiments with slits of the highest 
precision I could construct. 

The reason why, with a plate standing obliquely to the optical axis, the focus 
depends upon the width of the slit, appears from the following considerations : 
Suppose the focus for any spectral line has been ascertained with a very narrow 
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slit, say fora slit of width 0.001 mm. ; and it is proposed to photograph the same 
line with unaltered setting, but with a slit of width 0.005 mm.; then undoubtedly 
that border of the line which corresponds to the stationary edge of the slit would 
remain in focus, and retain its original sharpness, while the other, since the altered 
position of the slit-edge corresponds to a different focus, and its image consequently 
no longer falls within the sensitive film, would become less sharp, and the less so, 
the more the slit is widened. A good photograph, in short, can now only be ob- 
tained after a new focussing has rendered the two edges of the line equally hazy. 
Of course, as far as resolution is concerned, photographs taken with a wide slit 
are greatly inferior to those with fine slits. When the fineness of single lines is 
desired, as in the measurement of wave-lengths, or the resolution of dense groups 
of lines, the slit must be narrowed to its utmost. In such cases, I have gone 
down from several microns to a single micron. Good results of this sort can only 
be expected with faultlessly linear and sharp-edged slit-jaws. Rounded slit-edges 
and those formed by little planes, such as are found in the majority of spectrome- 
ters, are not adapted to the purpose, since the image of the slit is broadened by the 
light reflected from the sides, and consequently their resolving power is greatly 
injured. The duration of exposure and that of development must, if the desired 
fineness and sharpness of the image is to be attained, be scrupulously adapted to 
this purpose. Otherwise, the line will be too thin or broadened by diffraction to 
utter worthlessness. But with some painstaking one soon succeeds in photograph- 
ing lines so fine that they are only formed of one or two rows of grains of silver 
somewhat coarser than the average and, it must be admitted, not quite regularly 
distributed. The hydrogen spectrum shown affords some examples of this kind. 
But let it be expressly noted that the spectrum, with all its lines, can never 
be successfully photographed with slits of 1 “or 24, supposing that it contains 
many thickly crowded lines of very different intensity. The stronger lines, with a 
time of exposure suited to the weaker ones, acquire great broadening, giving them 
a washed-out look unadapted to measurement. This is my reason for photographing 
every one of the fields in the spectrum of hydrogen four times over with increasing 
time of exposure and sometimes with widened slit. This proceeding is the best 
adapted for carrying the resolving effect of a vacuum-spectroscope of such slight 
dispersive power to its highest. If we compare the dispersion of this prism-spec- 
trograph in the most refrangible ultra-violet with that of a grating-spectrograph, the 
latter will turn out, notwithstanding its considerably longer focus, but moderately 
superior. A numerical example will best show this. In the vacuum-spectrograph, 
when the aluminum lines at 1989.90 and 1854.09 Angstrém units (focal length in 
vacuo 106.75 mm.), with a 60° prism appear at the middle of the plate, they 
are separated by a distance of 5.8 mm. from one another, while in the spectrum of 
the first order of a grating spectroscope belonging to me (having a concave grating of 
106 em, radius and 14,439 lines to the inch), they are separated by 8.2 mm. as meas- 
ured on Rowland’s circle. With increasing refrangibility this ratio varies more 
and more to the advantage of the prismatic spectrum, so that for the shortest wave- 
lengths it is superior in dispersion to the grating spectrum of the first order. 
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In the spectra shown in Plates I-III (spectra 1 to 12) the refrangibility in- 
creases from left to right and with the numbering of the strips. It begins, a the 
least refrangible end, with a continuous spectrum of weak intensity, after which 
come, first, some faint lines, but then numerous and remarkably strong lines. The 
continuous spectrum, which is a peculiarity of hydrogen, reaches down without in- 
terruption from here to the line 369.9 yy.(Ames). The few lines that are found in 
it probably belong, not to hydrogen, but to slight impurities of it, among which 
mercurial vapor from the air-pump may well be the chief. Some spectroscopists in- 
cline to regard the continuous spectrum itself as a consequence of these impurities, 
but Iam unable to bring myself to this view because of many experiments with very 
pure gases and with different tubes. It must not, however, be concealed that the 
intensity of the continuous spectrum is connected with the purity of the filling of 
the tube. The more scrupulously the gas within the Geissler tube is purified, the 
weaker becomes the continuous spectrum. But I have never been able to bring 
about its complete disappearance provided the exposure was long enough. 

The numbers in the table on p. 24 will serve as an approximate measure of 
the photographic activity of these rays on the one hand and of the sensitiveness 
of the ultra-violet plate on the other. 

The first column refers to numbers in my spectroscopic journal. 

The “camera-angle” is the angle between the plane of the photographic plate 
and the optical axis of the camera-lens. 

The lines of exposure refer to the taking of the original negatives of the four 
parts of the plate. 

The width of the slit was altered by movement of one jaw only, and the effect 
of this asymmetry is plainly visible in the photographs. 

The values given for the current are merely the values without the coil, when 
it was short-circuited. These, as well as the times of exposure, are merely given so 
that differences in the different photographs should not be attributed to variation 
either of the energy of the rays or of the width of the slit. 

The first eight enlargements correspond to only four originals, as each of these 
originals is twice as long as those of the last four. This is due to the fact that the 
image for the first two thirds of the spectrum is much flatter than for the last third 
and so permits photographs twice as long. 

The enlargements were performed with a projection-combination with an 
aperture of 75 mm. by Carl Zeis of Jena. It is the most perfect objective for this 
purpose in the world. 

The dots and little spots are on the originals, being due to slight defects of the 
coating of the plates which belonged to the method of making them that I still 
employed in 1895, when these spectra were photographed.’ 


ay. Schumann: On an improved process for making sensitive plates for the ultra-violet. 
Annalen der Physik, vol. V., PP. 349-374, 199!- 
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OF THE LIMIT OF THE KNOWN HYDROGEN SPECTRUM. 


I have been able to follow the hydrogen spectrum for about 6° beyond the last 
of the spectral series of Plates I-III; but hitherto not with sufficient clearness 
for reproduction. The most perfect of my photographs of this region (No. 4222) 
is not clearly enough defined to bear a twenty-fold enlargement. Accordingly, they 
may here receive a merely verbal treatment. At first, with all my pains, I was able 
only to secure traces of some blurred lines. It was not until I interchanged the 
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electrodes, taking for the cathode (which with all the other photographs had been 
at the distant end of the tube) the electrode nearest the slit, that I got any better 
results. It appears, therefore (and this is confirmed by all repetitions) that the 
cathode-light of hydrogen, under existing circumstances, contains more refrangible 
and active rays than the anode-light. 

Why do my hydrogen photographs end at this place? For all essays to 
photograph more refrangible rays with a 60° prism came to naught. I can find the 
reason for it neither in the want of energy of the rays nor in the insufficient sensi- 
tiveness of the ultra-violet plate. Nov can I attribute it to metallic reflection, since 
this concerns decidedly shorter waves than these with which we have here to 
do. I suspect rather that this limitation of the effect of my spectroscope is due to 
the approach to grazing incidence of the rays upon the prism. For I met with 
a similar reduction of energy with my former 70° prism; yet afterwards when I 
came to repeat the photographs with a 60° prism [ found the spectrum considerably 
strengthened. It is therefore to be expected that a still further diminution of the 
refracting angle will lead to the photographing of still shorter rays of hydrogen. 


OF THE WAVE-LENGTHS BEYOND 185 py 


Information as to the wave-lengths of the new region would be of particular 
interest. The difficulties of measuring them are, however, so great that neither I 
nor others have succeeded in overcoming them. The wave-length 162 ““ to which 
I arrived in 1892' was but the result of a first essay ; and the apparatus I then had 
was so far from perfect that this determination is hardly sufficient. Last year, Mr. 
F. F. Martens* took up the question, and resting upon the Ketteler-Helmholtz 
dispersion-formula deduced from the angle of 21°, which is the difference in devia- 
tion between the middle of my most refrangible field and the last aluminum-line 
at 185.4 yp, calculated the wave-length of that place in my last photograph to be 
125 ##, but this should probably be 2 “# higher. It is inaccurate to say, as Mr, 
Martens does, that this is the wave-length of the most refrangible ray photographed 
by me; since the deviation of 21° refers to the middle of spectral field in question, 
and the most refrangible line is deviated about 6° more; which should have been 
taken into account in the computation. My most refracted line has therefore a 
wave-length decidedly less than 127 uu. It must, however, be confessed that my 
estimate of 1893 % of 100 44 was too hasty ; since it appears that even now I have 
not got down quite to that point. 


OF THE VACUUM APPARATUS FOR THE MEASUREMENT OF WAVE-LENGTHS. 


If, in Nos. 1 and 9, Plates I-III, of the spectrograph, the prism be replaced by a 
plane reflecting grating and the collimator and camera by two air-tight tubes arranged 


1 Sitzungsberichte d. kaiserl. Akademie d. Wissensch. in Wien; math.-naturw. Classe, vol. cil, 


Part Ila, pp. 625-694, 1893. 
2 Annalen der Phystk, 1901, Heft II, p. 619. 
* Sttaungsber. d. kaiserl. Akad. d. Wissensch. in Wien ; math.-naturw, Classe, vol. cii, Part Ia, p. 


677, 1893. 
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for the measurement of wave-lengths, the wavelengths can be determined by grat- 
ing and lens, according to the method devised by Cornu and applied by Liveing 
and Dewar. It is a method of coincidences resting upon the fact that the wave- 
lengths of two lines which coincide in the axis of the lens are inversely propor- 
tional to the numerical orders of the spectra. This method has the advantage of 
not requiring any ray-filter, such as is required with a concave grating for the separa- 
tion of mixed spectra. For in my case, the lens not being achromatic, the spectra 
do not at all coincide, being separated by the considerable difference of their foci. 
This is an important advantage; for we are acquainted with no suitable filter for 
these short-wave rays, and a search for such a filter could hardly fail to be a very 
laborious task indeed. Unfortunately, there is a serious drawback to the advan- 
tages of this grating-and-lens method in the circumstance that the one of the two 
spectra which is sharply focussed is so frequently overlaid with the out-of-focus spec- 
tra as to be doubtful. ‘This, of course, will prevent the lines which so suffer from 
being employed for measurement. The operation, moreover, takes up a great deal 
of time. Every determination of a wave-length requires a series of photographs 
which because of numerous particular observations occupies from 5 to 8 hours. 

The following remarks relate to the suitable arrangement of the two tubes for 
measuring wave-lengths in vacuo. The slit-jaws are micrometrically movable inde- 
pendently of one another, so that the slit may be symmetrically widened and nar- 
rowed. It thus becomes possible, in case the lines to be compared demand very 
different exposures, to shorten the exposure of the weaker line by symmetrically 
widening the slit. A rotating shutter is provided for half closing the slit at times. 
The camera-tube carries the camera with a plate-holder for plates of 12 mm. square. 
The plate-holder during the photographing is carried by a slide which is vertically 
movable both micrometrically and by the free hand, and which is also capable of 
being turned over in the plane of the plate very accurately through 180°, about 
the optical axis of the camera lens as its axis of rotation. This is requisite in order 
to ascertain the point at which that optical axis cuts the plane of the plate. Special 
care has been taken to secure accurate centering of the lenses and their draw-tubes, 
on which the accuracy of the measures essentially depends. 

Whenever the intensity of light is sufficient, the concave grating should be 
preferred in the determination of wavelengths. It is important that with it there 
is but a single surface at which the intensity of the rays is reduced. For the fewer 
times the light is weakened, the stronger it will be when it reaches the photo- 
graphic plate, other things being equal. Now the more energetically the extreme 
ultra-violet light acts upon the photographic plate, the easier it will be to obtain 
photographs of this light. Nor ought it to be forgotten that these short-wave rays 
suffer much more by reflection than do long-wave rays. My recommendation of the 
concave grating stipulates two provisos, viz.: Ist, that the material of the grating 
should sufficiently reflect these short-wave rays; and 2d, that the grating-spectrum 
should be sufficiently bright in this part. My photographs with plane grating and 
lens prove that speculum-metal does in fact sufficiently reflect the short waves. But 
the second condition relates to an individual character of the grating selected for 
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use. It must be tested by special photographs made for this purpose. For such 
test a vacuum-spectrograph of suitable dimensions is required. There is no shorter 
way to the ascertainment of the serviceableness of a diffraction grating for use in 
the ultra-violet. 

The body of the spectrograph should be so constructed as to afford the broad- 
est guarantee for its air-tightness. Moreover, there should be no flexure upon 
exhaustion, Should there be flexure, however, it is still possible to obtain useful 
photographs under unaltered pressure, since to this would correspond a constant 
bending. But should leakage or any other cause alter the pressure fallacious. re- 
sults would be obtained, in consequence of the shifting of lines due to the bending 
of the apparatus. The exterior best adapted to such a spectrograph would be that 
of a tube having its walls not too thin and composed of drawn or rolled material. 
For a tube presents equal resistance to outward pressure, and therefore, supposing 
its walls to be equally strong, and to be subjected to equal pressure in all diree- 
tions, will show the smallest bending. A tube drawn of brass or a Mannesmann 
tube of steel is preferable to a cast tube on account of its greater homogeneity. 
The open ends must be closed with permanent covers. At one end the concave 
grating should be set up so as to be capable of rotation about its mid-ruling as an 
axis, while at the other end should be the slit-carriage, movable in the direction of 
the rays. To one side of the slit there should be a horizontal slot in the cover of 
the tube, giving exit to the rays coming back from the grating. Before this slot 
there should move vertically an air-tight slide containing the plate-holder, so that a 
series of photographs could be taken one under the other without altering the 
pressure within. ‘The focussing of the different photographic fields would have to 
be effected by displacement of the slit-carriage, which to this end must be provided 
with a sufficiently long air-tight draw-tube. 

The most important part of the whole apparatus is the slide carrying the 
plate-holder. Upon the sufficiency and permanence of its air-tightness depends the 
minimum pressure obtainable by exhaustion of the apparatus and thus the success 
and the cost in time of the photographs. But the displacement of the plate and 
the prevention of the entrance of air when it is taken out are not the only purposes 
subserved by the plate-holder slide. It has also to make it possible to exhaust the 
air that comes in with the plate before the latter is exposed to the light. For it is 
clear that this small quantum of air can be removed much more quickly from the 
narrow space of the interior of the slide than from an apparatus of many liters’ 
volume. The plate should not be brought before the air-slot until in this way the 
slide and the plate-holder have been exhausted. Thus when the apparatus has 
once been exhausted, supposing its other parts to hold, it will only have to be 
thoroughly pumped out now and then. I must not, however, be understood to 
assert that in this way the vacuum will hold in the spectrograph for weeks or even 
for days, as a good mercurial pump, for example, will. Such a degree of tightness 
is not often met with among vacuum-spectrographs. At best, it will be necessary 
to pump a little after every change of plate in order to remove gas that has been 
set free; as, for example, absorbed air. Even when the closing surfaces have been 


98 THE ABSORPTION AND EMISSION OF ATR. 


treated with the most scrupulous care and the material is faultlessly tight, small 
amounts of absorbed gas little by little get set free. In the same way, some air 
diffuses in through the grease film as soon as it has been for some time in use; and 
the inflow becomes continually greater the longer the apparatus is left to itself 
without being pumped out. 

All this shows how little any apparatus without such a slide or other equiva- 
lent contrivance can be recommended for the investigation of the ultra-violet. 

The arrangement of the slide is founded on the supposition that only uncurved 
plates of moderate length are to be used. It would be desirable, however, for a 
better general view of the whole region to be photographed as well as for the sake 
of saving some of the time lost during exposures, to be able to photograph at a 
single exposure a greater extent of the spectrum, if possible, the entire sensitive 
region of the plate. In this way, we might perhaps photograph at once the whole 
spectrum from the cyan blue to wave-length 100 « or indeed still farther. The 
great curvature of the photographie plate which would be requisite could be ob- 
tained with ordinary plates, as is well enough known, by means of a film or of 
mica. Not so with ultra-violet plates, since the preparation of their coating is 
greatly affected by any unevenness of the surface to be coated, from which films 
are far from free and even sheets of mica are not sufficiently so; for the coating is de- 
posited thicker in depressions and thinner on elevations of the surface, giving rise 
to differences of sensitiveness as well as to other defects.’ Even if one is willing 
to overlook these inconveniences and to content himself with graphically less 
perfect spectrograms, or if the process of preparation of ultra-violet plates could be 
improved in this respect, the inconvenience of the varying activity of the spectrum 
in different spectral regions will still subsist. Judging by my prismatic photo- 
graphs this variation is greatest in the ultra-violet, that is, precisely in the part 
which requires to be photographed im vacuo. The consequence would be that the 
most active regions would be greatly over-exposed before the weaker parts be- 
came developable at all, and as a result partial photographs would again have to 
be reverted to. I cannot therefore advise the employment of long plates, par- 
ticularly since, for constructive reasons, the advantages of the slide would thus 
disappear, and at every change of plates the spectrograph would fill with air and 
would have to be pumped out. In like manner the employment of gratings of 
long radius is not unhesitatingly to be adopted where the ultra-violet is to be 
observed to its most refrangible rays. For there is here the unavoidable difficulty 
of absorption, however far the exhaustion be carried, owing to the small residue of 
air as well as the vapors from the air-pump; the absorption, of course, being 
much greater with the long distance which the rays have to traverse owing to the 
long radius of the grating. This obstacle of absorption is the reason why the 
shortest wave-lengths are incomparably more easily investigated with short foci 
than with larger apparatus. 

Air—I must pass over my observations of the emission-spectrum of air, on 


'V.Schumann: On an improved method for the preparation of ‘ultra-violet plates. Avnalen 
der Physth, vol. v, pp. 349-374, 1901. 
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account of the bands of carbon monoxide which thus far have made up the whole. 
Nor is there ground for confident hope that better success will be met with in the 
sequel. For with low pressure, where success was most confidently to be antic- 
ipated, these bands appear irrepressibly in their full force; and with higher pres- 
sure the absorption, as I shall presently show, is so marked that the attempt to get 
an extended air-spectrum in this way proffises little. The increased absorption 
which follows higher pressure might, indeed, be avoided by reducing the thickness 
of the stratum; but in that case the window of the tube would be so near the 
capillary orifice that in a very short time the deposit “upon it would produce com- 
plete opacity. 

Information regarding the transparency of air is easier to obtain. All the old 
investigations upon this subject were limited to strata of considerable thickness, but 
I have extended my observations to very thin layers. This was suggested by the 
fact, long ago repeatedly ascertained by me, that the rays beyond 185 uu were re- 
markably weakened even by strata less than 1 em. thick, Since then, notable data 
concerning the behavior of thin layers of air have come to light, and since I have 
occupied myself more with this matter than with others, it is proper that I should 
here confine myself to this. 

The above described absorption-apparatus, F ig. 10, was used for the production 
of the thin strata of air. From the negatives which I obtained with it, I take two 
and give photographic reproductions of them magnified fourfold. 

In one plate (No. 5941), A, Plate IV, the thickness of the stratum of air was 
i>m 14mm... . 3mm. 2 mm. 1 mm., 0.5 mm., 0.25 mm., 0.10 mm.; while 
the time of exposure was in every case 1 minute, and the width of the slit 0.020 mm. 
The Geissler tube was filled with dry air at a pressure of + mm., and before photo- 
graphing, electric discharges were passed through it for some time. Without this 
precaution the source of light would be wanting in the requisite constancy. The 
first eight spectra, with thicknesses of 15 mm. to 8 mm., end, without any material 
gain in length, at the wave-length 178 wv. The exposures following extend beyond 
that wave-length ; yet the stratum of thickness 4 mm. first allows the band at 170 HM 
to appear. From that point the gain in length of spectrum with diminution of 
thickness of the stratum is more rapid ; and with astratum of 0.5 mm. the spectrum 
runs to the end of the plate, corresponding to wave-length 163 uu. The last two 
strata of the series of thicknesses 0.25 mm. and 0.10 mm. give spectra of consider- 
ably increasing intensity, and the inference that the photographed spectra would 
be longer is confirmed by C, Plate IV. These two spectra show more than any 
of the foregoing how energetically the air absorbs these rays. For better orienta- 
tion, I add to A, Plate IV, a small series of spectra (No. 6066), B, of which the 
uppermost band-spectrum is similar to the uppermost of A, while beneath the 
banded spectra appear the most refrangible lines of the spectrum of aluminum, 
at 1989.90, 1935.29, 1862.20, and 1854.09 Angstrém units, 

Plainly, a longer exposure would extend the photographie spectra to shorter 
wavelengths; and this is confirmed by another plate (No. 5935), C, where the 
exposure was for two minutes, the width of slit 0.020 mm. as before, and the 
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thicknesses of strata of air, 0.05 mm., 0.1 mm., 0.2 mm., 0.4 mm., 0.6 mm., 0.8 mm., 
1.0 mm. Unfortunately, the wavelengths beyond 160 4 being unknown, I am 
not in condition to state exactly the limits of these spectra. But it will suffice to 
compare their lengths to show how enormously thin strata of air absorb rays more 
refrangible than those of wave-length 16044. This fact is most evident in the 
comparison of the effects of strata of thicknesses of 0.1 mm. and 0.2 mm.; for this 
difference corresponds to a considerable difference in the extension of the spectra. 
Even the reduction of the thickness from 0.1 mm. to 0.05 mm. results in a very 
perceptible increase of the energy. It is true that this is not very well shown by 
C, because the most refrangible lines, for which the increase of energy is most 
marked, have not sufficient intensity to bear the fourfold magnification, so that they 
disappear entirely from @. I believe, however, that I shall not exaggerate if I say 
that the increase of the thickness of the stratum from 0.05 mm. to 0.1 mm, involves 
a loss of 50 % of the energy. 

The spectrum of the Geissler tube filled with air, owing to the discontinuity 
of its spectrum, never shows the absorption-bands near 185 4~ due to the oxygen, 
which appear so clearly when the tube is filled with hydrogen. 

Considering the value which an acquaintance with continuous spectra has for ab- 
sorption-spectroscopy, and in view of the difficulty of searching out suitable sources 
of light, let me refer to a discharge-tube with which I made many emission-experi- 
ments in 1886. It was an end-on tube with an uncommonly narrow capillary — 
about 4 or } mm. wide. If such a tube is exhausted until no discharge will pass 
through it, or even until it fluoresces strongly, then as soon as a Leyden jar and a 
spark-gap are inserted in the secondary cireuit of a powerful Ruhmkorff coil, it 
gives an uncommonly bright light of a white color. If the spectrum of this longi- 
tudinally emergent light is photographed with correct arrangements, one obtains, 
instead of a line-spectrum, a continuous spectrum in which, at most, a few traces 
of washed-out lines are remarked. Sometimes the continuous spectrum enters only 
as a stripe, several millimeters broad, running the length of the line-spectrum. In 
both cases this continuous spectrum is well adapted to absorption-experiments in 
which occur lines and especially groups of lines like those of oxygen. The photo- 
graphie action of this capillary light is very powerful. Unhappily these tubes are 
of shorter life than those of the usual caliber. The spark widens the narrow open- 
ing by degrees, and with the widening the photographic energy diminishes, and 
worst of all, it then ceases to be so easy to convert the line-spectrum into a continu- 
ous spectrum, 


Leirzic, January 19, 1901. 
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SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE.—SCHUMANN. 
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